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Abstract
Polypeptides provide form and function to every form of life we know on earth. They have the ability
to accelerate reactions that would otherwise not occur on a timescale reasonable for life, they can assemble
to form extremely complex and hierarchical structures that translate nanoscale movement into macroscopic
movement as exemplified in muscle tissue, and they have a unique ability to construct themselves via ribo-
somes. The first part of my research has concentrated on asking the question, “How can synthetic materials
behave like those found in nature?”. While it is a broad question, my research has demonstrated that poly-
mer systems can utilize cues given by their architecture to alter their behavior. In more specific terms, I have
shown that polymer kinetics can be governed by not only secondary structure, but also tertiary structure.
Utilizing N-carboxyanhydride monomers that polymerize to form polypeptides, the folding of the polymers
into α-helices was shown to drastically increase the rate of propagation. Furthermore, when the α-helices
were organized in a close, parallel array along a separate polymer scaffold, the polymerization was found to
increase in rate even more substantially.
The second part of my thesis focuses on a separate project altogether, sponsored by The Dow Chemical
Company. This project focuses on the utilization of ring-opening metathesis polymerization (ROMP) to
fabricate new useful materials. ROMP has been a widely utilized and powerful polymerization method to
create extremely smart and tunable materials. While a few monomers capable of being polymerized with
ROMP have found commercial success, there is substantial room for development. In the second part of
my thesis I demonstrated that functional monomers capable of undergoing ROMP can be incorporated into
polyesters via the alternating polymerization of epoxides and anhydrides. The utilization of these polymers
as multi-functional crosslinkers for thermosets was also demonstrated, incorporating the small molecules
4-dimethylaminopyridine as an agent to limit the curing at room temperature.
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Chapter 1
Introduction
1.1 NCA Chemistry
The chemistry of polypeptides and proteins has an important, vibrant, and fascinating history. In the
present day, it is well known that proteins are large macromolecules composed of building blocks known
as α-amino acids. These amino acids come in a variety of “flavors” and are strung together in a precise
and definite order to form a linear chain. This chain is then able to fold or associate with other polypeptide
chains to form the final functional protein molecule. Our current understanding of proteins, however, devel-
oped over the course of the better part of the last century. In the late 1800s and early 1900s, for example,
molecules possessing molecular weights over 6,000-10,000 Da (polymers) were thought to be non-existent.
Additionally, based on the knowledge at the time, it was unknown how proteins were structured, or if they
even had a definite structure at all. Early studies utilizing hot acid to hydrolyze proteins revealed that differ-
ent proteins yielded simple crystalline compounds containing a primary amine and carboxylic acid.1 These
molecules were known as amino acids (specifically α-amino acids). Each protein hydrolysate yielded dif-
ferent compositions of amino acids drawn from a pool of 20 commonly observed varieties. As theories of
how these amino acids came together to form proteins, Emil Fischer found the peptide bond most likely.
Further developing his theory, he began to synthesize protein-like mimics of di- tri- and polypeptides. At
the time, however, it was not known for certain whether or not proteins actually consisted of a specific and
well-defined chemical structure.2 While many believed that indeed amino acids were most probably con-
nected by peptide bonds to form long peptide chains, other theories of protein structure imagined proteins as
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NCA polymerization.
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having no definite structure whatsoever and were instead a statistical distribution of similar, but sequentially
varied molecules.3 It was not until Frederick Sanger’s work in 1951 on the protein insulin that established
that proteins had a definite sequence of amino acids.4
Once, this was known, it became the desire of many scientists to not only sequence proteins, but to also
synthesize and understand them. One method that gained a substantial amount of attention in the 1950s
was the polymerization of N-carboxyanhydrides (NCAs) (Figure 1.1). The polymerization itself is inca-
pable of synthesizing polypeptides with a defined sequence; nevertheless, it is still able to produce homo- or
copolypeptides on a large scale. The polymerization of NCA monomers has been extensively studied and
is known to proceed via two different mechanisms, depending upon the conditions. The first mechanism is
the normal amine mechanism (NAM) and involves the nucleophilic attack on the 5′ carbonyl of the NCA
monomer (Figure 1.1). This results in ring-opening and (following the loss of CO2) the subsequent gen-
eration of another primary amine to propagate the chain-growth polymerization. The other mechanism is
known as the activated monomer mechanism (AMM) (Figure 1.1). Instead, a basic group (typically alkox-
ide or hindered amine) abstracts the amidic proton resulting in a nucleophilic (activated) NCA molecule.
This activated monomer then goes on to initiate the polymerization of other NCA monomers in an ionic
mechanism analogous to the NAM. While these mechanisms are well-studied and generally accepted in the
present time, this of course was not always the case. In fact, nearly 100 years have elapsed since the first
NCA monomer was synthesized and the general understanding of these mechanisms (Figure 1.2). The first
NCA monomer was synthesized in 1906 by Hermann Leuchs,5 who interestingly enough completed his
PhD under the supervision of Emil Fischer.6 At the time and up until the late 1920s and early 1930s, it was
not believed that large covalent macromolecules existed.7 For this reason and due to the insoluble nature
of the resulting polypeptides, research was slow to gain speed. As the mindset of chemists evolved and
evidence for polymers increased thanks to the work of Hermann Staudinger, studies of the polymerization
of NCA monomers slowly progressed through the 1920s utilizing primary alcohols or water as initiators
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Figure 1.2 Important events over the course and development of NCA chemistry.
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which yielded polymeric material.8 As research continued into the 1950s, primary amines and strong bases
were more commonly used in the polymerization. Furthermore, the interest of Paul Doty and Elkan Blout
in polypeptides garnered several key insights into the size and conformation of polypeptide materials.9–11
It was determined that short polypeptides often formed β-sheets, while longer polypeptides preferentially
formed α-helices.12 In addition to their contributions to understanding the polymerization kinetics of NCA
monomers (to be discussed in Section 3.1), they provided key information concerning the molecular weight
(MW) and polydispersity (PDI) values of these polymer materials.10,11
With the principles of NCA chemistry now reasonably well-understood, materials that mimic the proper-
ties of natural polypeptides and proteins could be developed, at least in principle. The trouble, however, was
that in order to make well-defined materials with new architectures, the polymerization needed to be tamed.
Depending on the solvent, temperature, initiator, DP, and impurities, the synthesis of relatively simple ar-
chitectures such as block polymers can be difficult. It was not until the advent of organometallic initiators
put forth by Deming that these architectures could be reliably synthesized.13 Spawning from this major
advancement in NCA chemistry, the following decade was marked by three new methods for controlling
the polymerization of NCA monomers, namely: HCl mediated polymerization (Schlaad),14 high vacuum
technique (Hadjichristidis),15 and trimethylsilyl (TMS) mediated polymerization (Cheng).16 These methods
all utilized initiators that inhibited the AMM, and proceeded only by the NAM (Figure 1.3). The con-
trolled nature of all of these methods allowed for the synthesis of several polypeptide materials of complex
architecture and function.
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Figure 1.3 Four of the most widely utilized methods for creating architecturally well-controlled polypeptides.
While NCA monomers with unique functional groups capable of being responsive or modified were
apparent as early as 1955,17 these materials were not characterized, nor were they polymerized in a con-
trolled manner. One of the first instances of controlled polypeptides bearing functional side-chains was the
creation of oligoethylene glycol modified lysine.18 The continued expansion of functional NCA monomers
led to alkyne,19,20 azide,21,22 and alkene23–26 functionalized NCAs. The subsequent polymer can be reacted
with small molecules containing compatible reactive groups in Huisgen cycloadditions or thiol-ene reac-
tions. Monomers containing pre-attached functional groups such as phosphates,27,28 mesogens,29–31 and
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saccharides,32–35 have also been synthesized leading to interesting polypeptide behavior. Most impressive,
however, is the ability of several NCA based polypeptides to respond to their environment. Responses
to stimuli including temperature,36,37 pH,38–40 redox,37,41–44 and UV45–47 have all been utilized to trigger
changes of the polypeptide side-chains that subsequently induce a conformational change in the polypep-
tide as a whole. For biomedical applications, the Cheng group has taken advantage of this for applications
in gene delivery.46 These new materials that stem from the controlled nature of the NCA polymerization
and advancements in our understanding of the NCA molecules will allow scientists to continue to innovate
and develop improved materials with desirable properties, mimicking and improving upon the functions of
natural proteins.
This brief history of NCA chemistry highlights just a small selection of the interesting and expansive
work performed. Several key reviews are certainly more comprehensive, focusing of various aspects of the
polymer chemistry or applications of the materials.6,48–56 Even after over 100 years of chemistry, there are
still questions and challenges to address in this field. For instance, there are many subtleties to the synthesis
that make working with NCA monomer difficult. Impurities present in the NCA can greatly hinder the
ability to fabricate precisely controlled materials in terms of MW, PDI, or functionality. Additionally, with
the exception of the AMM, the polymerization of NCA monomers is exceedingly slow, often requiring
several days to reach completion, if it ever does. These long polymerization times allow for termination
reactions to occur that inhibit the ability to create well-controlled polypeptide materials.11,57,58 While I
have only briefly mentioned the kinetic phenomena of NCA polymerizations here (see Section 3.1 for more
details), there are several curiosities that have yet eluded a proper explanation. As you will hopefully find
throughout the new discoveries and data presented within Chapter 2 and Chapters 3, there is still an exciting
amount of understanding to be gained in relation to the polymer chemistry of NCA monomers.
1.2 Metathesis Chemistry
Olefin Metathesis
+ +
[M]
General Mechanism
[M] +
[M] [M]
+
Figure 1.4 Scheme and mechanism for a generic, metal catalyzed metathesis reaction.
Olefin metathesis is an extremely useful reaction that is simple in principle, and yet often complex to
control. The reaction laid out in Figure 1.4 depicts the general case of an olefin metathesis reaction. In
principle, the reaction consists of a “shuffling” of olefins. The reaction is almost always carried out with
the aid of transition metals, although rare instances of redox mediated olefin metathesis exist.59 Metathesis
reactions have several variants, being distinct in the driving force and products of the reaction. These
4
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Cross Metathesis
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Ring Closing Metathesis Ring-Opening Metathesis Polymerization
Acyclic Diene Metathesis
+
Figure 1.5 Various classes of metathesis reactions.
categories (Figure 1.5) include ring-closing metathesis (RCM),60 cross-metathesis (CM),61 ring-opening
metathesis polymerization (ROMP), and acyclic diene metathesis (ADMET).62 The conditions under which
each of these reactions takes place is important from both the thermodynamic and kinetic standpoint. For
instance, in a CM reaction, the control over the stereochemistry and the specificity for the cross reaction
over homo-coupling depends upon the reactivity and stereochemistry of the starting alkenes.63 Additionally,
ROMP is performed under kinetic control in which the reaction is terminated prior to thermal equilibrium
which would include oligomers and cyclic species. Furthermore, the driving force of the reactions can be
enthalpic or entropic in nature. ROMP is primarily driven by a favorable change in enthalpy upon release
of ring strain. Meanwhile, CM, RCM, and ADMET are primarily driven by a favorable increase in entropy
due to loss of ethylene gas.
The discovery of olefin metathesis reactions was not until the mid 1950s.64,65 The beginnings of olefin
metathesis reactions utilized heterogeneous and poorly defined catalyst systems utilizing various combi-
nations of either tungsten, tin, aluminum, and other metals. The expansive nature of the catalyst sys-
tems and conditions measured is too broad to describe here, however, several important systems include:
WCl6/EtAlCl2/EtOH,66 MoCl5/Et3Al,67 and Re2O7/Al2O3.68 As the interest in the important C–C bond
forming reaction intensified, new single-site catalyst systems began to emerge. These catalysts possessed
higher activity than the heterogeneous catalyst systems and were substantially easier to study. As these
catalysts continued to develop and improve, the general mechanism of the reaction became more well-
understood involving the formation of metallacyclobutane intermediates formed from metal carbene species
(Figure 1.4).
In order to avoid excessive repetition of the detailed and extensive history regarding the development
of improved metathesis catalysts, I will provide only cursory remarks on this subject. For the interested
reader, several key reviews are provided here.69–79 The most important metal catalysts that emerged over
the past several decades, however, were those based upon Mo and Ru (Figure 1.6).73 Generally speaking,
the molybdenum catalysts are powerful and rapid, but suffer from sensitivity to air and water, and have a
low functional group tolerance (Table 1.1). Newer Mo based catalysts, however, have become increasingly
tolerant to water and air.76,80 The ruthenium based catalystshave been powerful catalysts, widely utilized
for their functional group tolerance and stability to air and water, even being able to conduct metathesis
reactions in water as a solvent.81,82 For ROMP, which will be utilized in Chapter 2 and is the focus of my
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Table 1.1 Functional Group Tolerance of Metathesis Catalysts Based on Several Transition Metals
Titanium Tungsten Molybdenum Ruthenium
Acids Acids Acids Olefins
Alcohols, Water Alcohols, Water Alcohols, Water Acids
Aldehydes Aldehydes Aldehydes Alcohols, Water
Ketones Ketones Olefins Aldehydes
Esters, Amides Olefins Ketones Ketones
Olefins Esters, Amides Esters, Amides Esters, Amides
Adapted with permission from [73]. Copyright 2001 American Chemical Society.
Increasing
Reactivity
work in Chapter 6, this tolerance has been extremely useful and widely taken advantage of in the synthesis
of many functional polyolefins.83–87
Industrially, ROMP has also found niche roles with monomers such as norbornene, cyclooctene, and
dicyclopentadiene being widely utilized on a commercial scale.77,88 One of the most notable successes has
been the utilization of dicyclopentadiene in reaction injection molding (RIM). In continuing to develop new
cheap or fucntional materials using ROMP, however, there are several key setbacks that must be addressed.
The first relates to the cost of the homogeneous well-defined catalysts, such as the Grubbs type catalysts.
While the monomers are relatively cheap, ruthenium is a rare, precious metal and often remains in the
product after polymerization, being quite literally absorbed into the cost of the material. In relation to this,
discoloration and toxicity of the remaining catalyst are also undesirable. That is not to say that significant
advancements in this area have not been met. In fact, new technologies have emerged in the past several
years that may lead to lowering (or eliminating) the amount of these catalysts used to form the desired poly-
mer.89–91 A recent and cleverly designed chain transfer agent by Kilbinger et. al. can lower the required
amount of metal by 50 times.92 Another method pioneered in the past several years utilizes a photoredox
reaction that proceeds via a ROMP-like process.59,93,94 This method is extremely useful as it not only elimi-
nates all heavy metals in order to allow ROMP to proceed, but it also introduces the ability for ROMP to be
controlled with light which will be useful in patterning and lithography applications.
In addition to the reduction of metal catalysts, the ability to control the specific structure of the poly-
mer chain will also be important in making new, functional polymer materials with unique properties. The
wide commercial success of acrylates and methacrylates, for example, stems from the comprehensive un-
derstanding of the tacticity control and ability to form well-controlled copolymers of defined architecture.
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Efforts in this vein, have focused on new catalysts that selectively form cis or trans polymers.95 Furthermore,
monomers may add in a head-to-head, head-to-tail, or tail-to-tail manner or may contain additional chiral
centers, making characterization and control over the polymerization an intensive process. When the poly-
merization can be controlled, interesting differences in material properties become apparent. For instance,
polymerizations selective for Z olefins generally have lower melting points and glass transition temperatures
than E containing polymers.96 Furthering the analogy with the acrylates, alternating ROMP has also become
popularized, leading to new polymer structures that are able to incorporate weakly strained cyclic alkenes
such as cyclohexene.97–100
Lastly, the development of commercially successful metathesis catalysts and polymer systems can be
benefited from systems that polymerize on demand. Because many metathesis catalysts are so active, to form
high-quality materials in bulk can be difficult if the catalyst reacts as soon as it is mixed with monomer. This
becomes especially important when considering thermosetting systems. As this topic is the focus of Chapter
6 and is more adequately described there, I will only mention that this has been achieved with several catalyst
systems that can be activated utilizing heat,101–106 pH,107–109 light,110–115 and even mechanical force.116,117
The continued advancements in this area will of no doubt be of importance in the continued advanced in
commercial polyolefin technologies.
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Chapter 2
Chemistry and Synthesis of Polypeptide
Brush Polymers†
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2.1 Introduction
Since their first inception by Hermann Staudinger in 1920, polymers and the field of polymer chemistry
have grown rapidly in terms of depth, breadth, and creativity over the course of nearly 100 years.1 Polymers
can be most simply conceptualized by breaking down the word into its original Greek roots: poly- meaning
“many”, and -mer meaning “parts”. A polymer is a molecule (often very large) composed of many repeating
units which have been bonded together from smaller monomers (“one part”). In an over-simplistic form,
a polymer is analogous a beaded necklace where the beads represent the monomers which are attached to-
gether along the string to form semi-flexible chain. This analogy becomes more complex when considering,
†Portions of this chapter have been published: Baumgartner, R.; Fu, H.; Song, Z.; Lin, Y.; Cheng, J. Cooperative polymerization
of α-helices induced by macromolecular architecture. Nat. Chem. 2017, Advance Online Publication (doi:10.1038/nchem.2712)
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Figure 2.1 Architectures of several types of polymer molecules.
for example,that polymers need not necessarily be composed of classical covalent bonds, but can also com-
posed of non-covalent interactions including hydrogen bonds, pi-pi interactions, host-guest chemistry, and
ionic interactions.2–4 These weaker bonds (under the proper conditions) are still able to hold the monomer
units together and also imbibe the resulting materials with unique responsive properties not possessed by
polymer containing classical covalent bonds. Other interesting parameters that are important to polymers
are their size. Polymer can range in size from from several kilodaltons (nm scale) to several millions of
daltons (micron scale). The monomers that are polymerized to create polymers, are also not necessarily
restricted to the formation of a linear structure (Figure 2.1). Polymers may possess several arms or branches
at regular or irregular intervals along a linear structure. Dendrimers are an extremely ordered example of
such as multi-branched structure which possess branched branches forming a fractal-like structure. At the
other extreme, polymers are also capable of existing as cyclic rings which that lack end groups altogether.
The chemistry that makes these structures available has advanced considerably and is well-understood.
The difficulty, however, in synthesizing these materials should not be underestimated. Reaction pathways
apart from the formation of monomer linkages exist and these side-reactions contribute to the overall ap-
pearance and properties of the final materials. In addition, it must be kept in mind that reactions between
monomers take place on the molar scale (6.022 × 1023) and thus a multitude of molecules are statistically
and simultaneously created. The length, size, composition, or architecture of any one polymer composes
a small fraction of the entire population of polymer molecules synthesized. Stated another way, polymeric
materials are polydisperse and almost always are composed of mixtures of different but related molecular
structures. The degree to which the polymer chains are nonidentical (polydispersity) is an important char-
acteristic of the polymer material to consider. In order to hone in on a specific desirable property, it may be
necessary to carefully control the statistical distribution of polymer traits closely around a desired value. In
other cases, a broad distribution of a specific polymer trait is desirable. In either case, however, the control
over the final individual and collective features of the polymers is crucial.
In order to synthesize these complex macromolecular architectures, there has been a necessity for the
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Figure 2.2 Three commonly utilized chemical routes to access brush polymer materials.
development of controlled polymerizations. Controlled, in this instance, means that the molecular weight,
composition, end groups, and stereochemistry (tacticity) of the final polymers can be specified through
choice of the proper chemistry. Without this control, polydisperse or incorrectly designed materials re-
sult which destroys the unique properties the architecture imparts. As mentioned briefly above, numerous
polymeric architectures have been successfully synthesized, often inspired by nature. These architectures
include (but are not limited to) linear, hyperbranched, dendrimeric, star, brush, cyclic, and interlocked poly-
mers (Figure 2.1).
The focus and direction of this dissertation lies in the ability to adequately control the synthesis of regu-
larly branched polymers and to utilize the unique properties of this architecture to perform a function. This
goal is not unlike the way in which nature already operates, and thus an alternate statement of the goal is
to design molecules which mimic the properties and function nature. While the architecture of biomacro-
molecules such as DNA, RNA, or polypeptides may not necessarily be branched, the overall structure is
imperative to the proper function of that molecule within the organism it resides. Proteins, for instance, are
composed structural hierarchies that contribute to the overall shape and function of the molecule. Namely,
these hierarchies are the sequence of the monomers (amino acids) along the polymer chain, the molecular
level conformation of polymer chain segments, and the assembly of many polymer chains into a functional
protein. That is not to say that branched structures do not exist naturally. In fact, several important biomacro-
molecules are highly branched, including the glycopolymers glycogen and amylopectin, as well as several
proteoglycans such as lubricin which is essential for joint lubrication.
Molecular brush polymers are a considerably unique and widely studied type of regularly branched poly-
mer that consist of a linear polymer backbone from which additional linear polymers are grafted to.5–7 The
resulting structures bear unique properties that are directly dictated from the precise control of the structure.
Namely, the backbone polymer length, side-chain polymer length, grafting density, and composition play
important roles. For instance, polymers that contain a high grafting density of polymer chains along the
backbone generally adopt a rigid rod-like conformation due to steric congestion along the polymer back-
bone. Brush polymers also typically have better solubility and lower viscosity than their linear counterparts
originating from the lower entanglement of polymer chains.
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The synthesis of brush polymers has been approached mainly via three routes. These routes are: graft-
ing from, grafting through, and grafting to (Figure 2.2). Grafting from involves first synthesizing a lin-
ear backbone utilizing monomers that themselves contain additional, orthogonal initiating groups. Once
this backbone polymer chain (or macroinitiator) has been constructed, an additional polymerization is car-
ried out utilizing the initiating centers located on the backbone, grafting new chains from the macroinitia-
tor. This method has several advantages, the primary one being the ease of synthesis. Additionally, this
method suppresses several side-reactions present when utilizing controlled radical polymerization, and does
not suffer from significant steric restraints that limit the growth of polymer chains. The low initiation of
polymer chains, however, is often a setback which results in low grafting densities. The grafting through
method, however, is able to overcome this by instead synthesizing the side-chains of the brush polymer
first. These polymers contain a polymerizable functional group that is either utilized as an initiator for
this primary polymerization, or is incorporated post-polymerization at one of the chain ends. These so-
called “macromonomers” then, are utilized in a subsequent polymerization which constructs the backbone
and results in the final brush polymer. This method results in 100% grafting density, however, the length
of the macroinitiators and difficulty in achieving a robust polymerization limits the utility of this method.
Polymerizations such as RAFT, ROMP, and ATRP have been most widely utilized and are capable of syn-
thesizing high molecular weight polymers containing short side-chains. The last technique for synthesizing
brush polymers is the “grafting to” technique. This method involves the separate synthesis of the polymer
brush backbone and side-chains, that are then coupled together utilizing reactive chemical groups incorpo-
rated along the backbone and at the chain-ends of the side-chain groups. This method successfully avoids
any side-reactions that would limit the ability of one polymerization to be carried out under conditions that
would destroy the polymerizable functional groups of the subsequent polymerization. The setback, however,
is that the grafting density is often difficult to control and a large excess of side-chain groups are necessary
during the reaction in order to achieve maximum grafting density. Removal of the unreacted groups, then,
requires an additional step and achieving pure material is often difficult.
The route utilized to access a brush polymer must be carefully considered when designing the final
material and depends upon the monomers and mechanism of the polymerization. For instance, the first
utilization of ATRP to synthesize molecular brushes by the “grafting from” method, recognized the impor-
tance of several key side reactions not present under typical ATRP conditions (Figure 2.3a).6,8 The strategy
utilized trimethylsilyl protected 2-hydroxyethylmethacrylate (TMS-HEMA) as a monomer for backbone
formation which was synthesized under typical ATRP conditions (Figure 2.3a).9 Deprotection of the TMS
groups followed by post-polymerization functionalization with 2-bromoisobutyrl bromide provided ATRP
initiation sites along the main-chain polymer backbone. This macroinitiator was then utilized to graft both
polystyrene and polymethylmethacrylate side-chains. When conducting the polymerization of the polymer
grafts, the close proximity of grafted side-chains to one another make them susceptible to radical coupling
and crosslinking that form irregular and poorly controlled polymerizations. Thus, when carried out under
typical ATRP conditions for used for linear polymers, poorly controlled polymers results To circumvent
these termination reactions, the concentration of radicals is kept low by conducting the polymerization at
low temperature and at a low concentration of catalyst. Additionally, the conversion of monomer is never
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Figure 2.3 a-b. Polymerization strategies used to create brush polymers utilizing ATRP (a) and ROMP (b).
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carried out to completion in order to limit the chances of termination. Under these conditions, the poly-
merization is extremely successful forming polymers with PDI < 1.4 and Mn values up to 271 kDa. This
highlights some of the nuances and difficulties of synthesizing polymer brushes in comparison to linear
polymers. With these features properly appreciated, ATRP and other controlled radical polymerizations
have become the most popular methods for the synthesis of well-controlled molecular brush polymers.5–7
Some polymerizations, however, are not amenable to synthesis utilizing the strategies outlined above
due to the need for further chemical developments. For instance, molecular brush polymers containing side-
chains synthesized using ROMP are difficult to perform using the grafting from method. This is primarily
because ROMP is mediated and initiated by the catalyst itself and therefore requires first tethering the cata-
lyst to the macroinitiator prior to introduction of the monomer.10 The resulting materials using this method
have high PDI values (> 2.0) and possess a low grafting density due to low initiator incorporation, extrane-
ous linear polymer formation, and steric hindrance. In analogy to ATRP, polymers synthesized with higher
grafting density suffer from intrachain crosslinking, reinforcing the strong differences observed between
linear and brush polymers when synthesized under identical conditions. The grafting through method, how-
ever, has found tremendous success utilizing ROMP chemistry (Figure 2.3b). The first successful approach
utilized norbornene terminated polylactide that resulted in polymers with MW and PDI values of 13 MDa
and 1.3, respectively.11 Grafting through utilizing short (2–7 kDa) norbornene terminated polystyrene or
poly(tert-butyl acrylate) also yielded well-controlled brush polymers with MW values of 2.6 MDa possess-
ing PDI values < 1.02.12 Norbornene terminated polyisocyanates, which adopt a helical structure and thus
possess substantially more steric hindrance have also been successfully polymerized using this method and
have been shown to rapidly self assemble into large domains creating photonic crystals.13–16
Another mode of polymerization that has been extremely successful and robust for the synthesis of
brush polymers is ring-opening polymerization. Poly(lactide) brushes, for instance, are easily accessi-
ble utilizing the grafting from method when a tin catalyst is utilized.11,17–19 Other cyclic monomers are
amenable to the grafting from method include -caprolactone19–22 and trimethylene carbonate.23 One of the
more biologically interesting monomers from which brush polymers have been synthesized, however, are
N-carboxyanhydrides (NCAs).24–26 These monomers undergo ring-opening polymerization followed by the
loss of CO2 to form polypeptides. Intensive research has been dedicated within the past decade into develop-
ing the chemistry of polypeptide brushes since they possess inherent similarity to the large protein structures
in the body. In the same likeness of proteins, the synthetic polypeptides created through the polymerization
of NCA monomers also adopt secondary structures, often α-helices. While the secondary structure can be
desired in terms of providing new features to brush polymers, it can also complicate the polymerization.
For instance, some NCA monomers have a high propensity for the formation of β-sheets which are poorly
soluble and precipitate during the reaction forming poorly controlled polymers. For NCA monomers that
form α-helices, however, several strategies have been developed that result in molecular brush polymers
containing polypeptide side-chains. The first synthetic approach for polypeptide molecular brush poly-
mers was conducted by Schmidt et al in 2005.27 Their primary study attempted both “grafting through”
and “grafting from” of which only the latter was successful. Grafting through was attempted by synthesiz-
ing methacryloyl terminated poly(-Z-lysine) peptide macromonomers followed by subsequent free radical
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polymerization(Figure 2.4a). Under these conditions, only short oligomers were formed and the majority
of macromonomer remained un-polymerized. The grafting from method instead utilized a boc-protected
methacrylamide that was polymerized using free radical polymerization. Removal of the boc-protecting
group, revealing pendant amines, was then followed by ring-opening polymerization of -Z-lysine-NCA.
The resulting polypeptide brushes possess high PDI values due to the utilization of free radical polymeriza-
tion to form the backbone. The side-chain DP, however, was also low (< 10) based on AFM measurements.
While the resulting polymers were by no means well-controlled, this study represented the first important
step in the development of new polymerization methods. Other studies by Liu et al utilized chitosan as a
scaffold for the polymerization of -Z-lysine-NCA, however, these polymers were poorly characterized and
the reaction was conducted in water leading to almost certain NCA hydrolysis.28
The next major advancement in the creation of polypeptide brushes via NCA chemistry was from Cheng
et al.29 Their group utilized a trimethylsilyl (TMS) protected amine based norbornene (endo-NB) to first
create a poly-N-TMS based macroinitiator. Subsequent polymerization of NCA mediated by the TMS
groups (“grafting from”) resulted in the first synthetic approach to form well-controlled polypeptide brush
polymers (Figure 2.4b). In agreement with the work of Schmidt27 and Chen,30 attempts at conducting
“grafting through” with endo-NB were unsuccessful and produced only oligomers. This step forward in
the synthesis of brush polypeptide materials is most impressive as it allows an amine based monomer to
polymerize via ROMP. Typically, amines poison the Grubbs catalyst and stifle catalytic activity.31 The use
of the TMS group to reduce the ability of the amine to coordinate to the ruthenium center is impressive in
that it connects NCA chemistry with the powerful chemistry developed for ROMP. The polymerization of
NCA monomers in DMF utilizing the norbornene-TMS macroinitiators resulted in controlled polypeptide
brush polymers with PDI values < 1.15 and MW values up to 387 kDa. This represents the highest MW
synthetic polypeptides synthesized at the time, and demonstrated for the first time that polypeptide brushes
synthesized via “grafting from” could be well-controlled (polypeptides of Schmidt et al may actually be
larger but were never characterized by GPC).
In the following years, several groups demonstrated other approaches that utilized the “grafting from”
approach to synthesize molecular brush polypeptides. Deming et al32 utilized a unique approach by first
polymerizing allyloxycarbonyl-α aminoamide functionalized NCA monomers utilizing a cobalt(0) catalyst
and subsequently activating these groups with nickel(0)dicyclooctadiene to create amido-amidate nickela-
cycles that can initiate the polymerization of additional NCA monomers as grafts(Figure 2.4c). While the
actual brush polymers were not characterized by GPC, the side-chains (cleaved with cyanogen bromide)
showed low PDI values (< 1.13), albeit, only low DP polymers were synthesized. Zhao and coworkers
also developed a reasonably successful polymerization utilizing a poly(N-isopropylacrylamide)-co-poly(N-
acryloxysuccinimide) backbone as a thermo-responsive macroinitiator.33 The backbone was synthesized
via controlled RAFT polymerization and subsequently modified to incorporate amines to initiate the NCA
polymerization. While control over the backbone was controlled, the number of post-polymerization modi-
fication steps are significant and likely result in the low polypeptide DPs and the poor control over the final
brush polymers (PDI ∼1.4). Schmidt additionally adapted the protocol from his original studies27,34,35 to
utilize RAFT polymerization instead of free radical polymerization to form the backbone, resulting in more
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Figure 2.4 a. Synthetic route to polypeptide brush polymers envisioned by Schmidt et al.27 Free radical polymeriza-
tion was first utilized to create the polyacrylamide backbone, followed by deprotection and grafting of NCA monomer
from the TFA salt. b. Synthetic route of Cheng et al29 utilizing the endo-norbornene-TMS initiator (endo-NB) as
the monomer for the backbone (endo-PNBn). Grafting of NCA monomer in DMF provided the final brush polymers
(endo-PNBn-g-PBLGm and endo-PNBn-g-PZLysm). c. Deming’s route to brush polymers utilizing a polypeptide
backbone synthesized using a cobalt catalyst. Functionalization of the side-chain alloc groups with nickel led to active
initiators for NCA polymerization. Boc = tert-butyloxycarbonyl, AIBN = azobisisobutyronitrile, TFA = trifluoroacetic
acid, Cbz = carboxybenzyl, Bn = benzyl, Alloc = allyloxylcarbonyl, dmpe = bis(dimethylphosphino), COD = cyclooc-
tadiene.
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controlled brush polymers with Mw values up to 10 MDa.36 While these polypeptides were the largest syn-
thesized at the time, the conditions under which the polypeptides were synthesized are harsh, and little more
information about the controlled nature of the structures is known.
While all of these accomplishments are significant in the development of polypeptide brush polymers,
there are still many challenges in the field. First, the polymerizations are extremely slow, often requiring up
to 3 days for complete consumption of NCA monomer. Additionally, only few examples have demonstrated
conclusively the control over the grafting density and side-chain lengths while maintaining low PDI values
and high MWs. With these considerations in mind, our group set out to improve the quality of the polymers
formed, and better understand the nuances of the chemistry and how they affect the final structure of the
brush polymer.
2.2 Synthesis of Polypeptide Brush Polymers
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Figure 2.5 Chemical route to linear and brush based polypeptide materials.
In order to access controlled polypeptide based brush polymer materials, we adapted our synthetic pro-
cedure from that shown in Figure 2.4b29 to the general route depicted in Figure 2.5. The backbone or
scaffold of the polypeptide brush polymers centers around the chemistry of norbornene based molecules,
as in the original synthetic route.29 Norbornenes and their analogues have a high ring strain energy of 27.2
kcal/mol which makes them highly active towards ring-opening metathesis polymerization (ROMP).37 Ad-
ditionally, we utilized Grubbs catalyst to initiate the polymerization as they have a high functional group
tolerability and result in well-controlled polymers. The key alterations involve the use of a exo-norbornene
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based monomer (NB) that is more active to ROMP. This change should enable more rapid polymerizations
and may additionally furnish higher MW polymers (Figure 2.6). Additionally, it was our contention that the
higher polymerization activity of the exo monomer would enable a more successful “grafting through” poly-
merization. The synthesis of the exo-norbornene imide was modified from the previously successful route
used for the endo isomer due to low yields, likely due to aminolysis of the formed imide in the presence of
excess ethylenediamine. Circumvention of this side-reaction was achieved via condensation of mono trityl
protected ethylenediamine and subsequent deprotection under treatment of trifluoroacetic acid (Figure 2.6).
Treatment with N,O-bistrimethylsilylacetamide formed the desired monomer, NB, in an overall yield of 27%
after four steps.
Utilizing this monomer, we first attempted the “grafting through” strategy. We utilized NB to initiate
the polymerization of BLG-NCA. The polymerization conducted in DMF yielded well-controlled polymers
with low PDI values (< 1.2). When utilizing the NB terminated PBLG macromonomers for grafting through
conducted with Grubbs 3rd generation catalysts, however, all attempts failed. Even when conducted utiliz-
ing a variety of: reaction times (1–48 h), solvents (DCM, THF, DMF, CHCl3), [M]0/[I]0 ratios (20–100),
[M]0 concentrations (10–50 mM), and temperatures (22-55 ◦C). In all cases, only oligomers were formed
and conversion was typically < 20%. The endgroups of the PBLG macromonomers were also capped
with carboxybenzyl or tert-butyloxycarbonyl (Boc) groups to eliminate any interference with the terminal
amine. While matrix-assisted laser desorption ionization time-of-flight mass spectrometery (MALDI-TOF)
confirms the successful incorporation of NB and Cbz at the polymer termini, these polymers still remained
challenging to polymerize (data not shown). The “grafting through” method, however, was slightly more
successful utilizing the DL polymer. Polymerization of norbornene terminated PBDLG yielded better con-
versions, albeit still incomplete. The results suggest that the steric encumberance of polypeptide chains is
too great to enable a successful polymerization. The improved results with the PBDLG suggest that the
helical structure of PBLG is a likely cause. This makes intuitive sense as the α-helix of PBLG has a width
of 1.5 nm. The width of the norbornene moiety at the end of the macroinitiator is ∼0.7 nm. A high grafting
density brush polymer enabled with the “grafting through” method, then, appears to be under a significant
amount of steric strain. Further attempts to alleviate this steric strain and enable the “grafting through” strat-
egy were conducted by elongating the methylene linker connecting the silazane to the norbornene to 3, 4, or
6 carbon atoms. While the synthesis of these compounds was not difficult, to purification was. The original
NB monomer possessing 2 carbons can be reasonably purified by subliming away the BSA side-product,
however, the final recrystallization in hexanes affords an exceedingly pure material. Extending the methy-
lene linker in the NB analogues impedes crystallization due to the greater solubility of the product and the
transition to a liquid product at room temperature. Instead, only cloudy oil could be isolated in hexanes that
was of insufficient purity.
The successful synthesis of the TMS protected amine of the NB monomer, however, is ideally suited
for “grafting from”. First, the TMS group shields the amine from inactivating the Grubbs catalyst which is
poisoned by amines. Second, the TMS group imparts solubility to the resulting polyamine which typically
have poor solubility in organic solvents. Lastly, the TMS group has previously been shown to lead to
enhanced polymerization control of NCA monomers, albeit, using DMF as a solvent.29,38,39 Polymerization
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of NB using Grubbs 3rd generation catalyst (G3) resulted in excellent control over the polymerization which
proceeded rapidly in DCM as a solvent with a rate constant of approximately 99 M-1 s-1 (Figure 2.7). We
found that even under relatively dilute conditions ([M]0 = 20 mM) the polymerization was complete in
nearly 10 minutes with conversions over 99%. The molecular weight (MW) characteristics of the resulting
polymers could not be measured directly, as the TMS group is extremely water labile and results in rapid
precipitation of the polymer when removed from the glovebox due to an irreversible crosslinking reaction
between the revealed free amine and imine forming di-amide structures. Protection of the amine group in
situ with Boc, however, enabled us to characterize the resulting polymers, with minimal crosslinking under
optimized conditions (Figure 2.8). The resulting Boc protected polymers (PNBBoc) were analyzed by gel
permeation chromatography (GPC) which revealed polydispersity index (PDI) values that were extremely
narrow (< 1.1) at a degree of polymerization (DP) of up to 400 (Figure 2.8). Higher polymer chain lengths
were attempted and successful, however, the PDI values increased, as did the molecular weight (MW) error
of the resulting polymers (Table 2.1). We suspect that this is due to a very small fraction of NB monomer
which has lost the TMS protecting group. In this way, the free amine is able to quench and/or inhibit the
catalyst over the course of the polymerization leading to the observed higher PDI and MW values.
With excellent control over the polymer backbone of the brush polymer, we set forth to determine
whether this scaffold would allow reasonable control over the subsequent polymerization of NCA monomer.
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Figure 2.8 a. Scheme illustrating protection of PNBn with Boc b. GPC traces of Boc protected PNBn (PNBBocn)
of varying DP.
Table 2.1 PNBBocn Polymer Characteristics
Polymer [M]0/[I]0 Mn (Mn*) kDaa PDI (Mw/Mn)a
PNBBoc50 50 15.6 (15.4) 1.02
PNBBoc100 100 31.0 (30.6) 1.01
PNBBoc200 200 66.4 (61.4) 1.05
PNBBoc400 400 149 (123) 1.10
PNBBoc800 800 345 (245) 1.13
Polymerizations performed in DCM with [M]0 = 0.02 M. Reactions were polymerized for 18 min per
100 monomers. a Determined via gel permeation chromatography; Mn* = expected molecular weight;
dn/dc = 0.0824.
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Table 2.2 PBLG Based Brush Polymers Synthesized in DMF
Polymer Mn (Mn*) MDaa PDI (Mw/Mn)a % Conversionb
PNB100-g-PBLG50 1.5 (1.1) 1.13 95
PNB100-g-PBLG100 3.8 (2.2) 1.22 95
PNB100-g-PBLG200 9.5 (4.3) 1.69 90
PNB100-g-PBLG400 14.8 (8.7) 2.52 69
Polymerizations of BLG-NCA performed in DMF with [M]0 = 0.5 M. Reactions were polymerized for 48 hours.
a Determined via gel permeation chromatography; Mn* = expected molecular weight; dn/dc = 0.0930.
b Determined via FT-IR.
In analogy to the methods traditionally utilized for NCA polymerizations, we first utilized DMF as a sol-
vent as it acts to solvate the monomer and resulting polymer and shield electrostatic interactions of the
peptides. Using γ-benzyl-L-glutamate NCA (BLG-NCA) as a model monomer, we found that the polymer-
ization was sluggish, taking several hours to complete. While the control over the polymer MW and PDI
was reasonable, we observed MWs that were significantly higher than predicted by the [M]0/[I]0 ratio (Fig-
ure 2.9; Table 2.2). As we continued to increase the DP of the polypeptide side-chains, the control became
worse leading to polymers with PDI values > 2.5. The poor control over the polymerization may be due to
several factors including the slow reaction rate, trace impurities present in the monomer, and trace amines
present in the DMF solvent itself. For polymers of low side-chain DP, this method is feasible; however, for
higher molecular weight polymers that are able to serve as drug delivery vehicles or materials for photonic
crystals, enhanced control over the polymerization is required. In order to enable the synthesis of higher
molecular weight polymers, we sought alternative reaction conditions that would minimize side reactions.
While utilizing pure NCA monomer is essential, repeated recrystallization is often the only feasible method
to obtain pure material. The reaction solvent, however, can be easily varied and may mitigate the inherent
setbacks of DMF as a solvent. In this pursuit, we screened several alternative solvents for NCA polymer-
ization. Using PNB100 as an initiator, solvents such as dioxane did not result in any significant or noticeable
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Figure 2.9 GPC traces of PNB100-g-PBLGm polymers synthesized in DMF. [M]0 = 0.5 M.
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polymerization over the course of 3 days. Benzene did not solubilize the monomer well, however, poly-
mer appeared to be formed evidenced by the insoluble material which resulted. We also screened several
chlorinated solvents such as dichloromethane (DCM), chloroform (CHCl3) and 1,2-dichloroethane (DCE).
All of these solvents provided exceptional control over the polymerization (Figure 2.11a) and the monomer
and polymer remained soluble for the duration of the polymerization. We screened additional solvents such
as chlorobenzene, tetrachloroethane, o-dichlorobenzene, and tetrachloroethylene, however, these solvents
failed to solubilize the monomer. For the solvents which were successful, compared to the polymerization
in DMF, these polymerizations can be performed at a very low concentration of monomer (50 mM). The
DMF polymerization is extremely sluggish at these low concentrations and fails to reach completion even
after 48 h. This slow polymerization in DMF is clearly evident at even higher monomer concentrations
as well. The polymerization in DMF only completes at monomer concentrations of greater than 0.5 M
(Figure 2.11b). For this reason high monomer concentrations are frequently used and encountered in the
literature. Utilizing PNB100 as an initiator, we were able to vary the side-chain lengths of the polypeptides
from 25 up to 400 in these new solvents. From Figure 2.12, it is clear that all polymers retain a narrow
molecular weight distribution. Table 2.3 reveals that the control over the MW is as predicted, and the PDI
values all remain below 1.1. What is remarkable is that polymers can be synthesized with MW values up
to > 40,000 kDa with extremely narrow PDI values and high conversions. To date, these are some of the
largest polypeptide materials synthesized, up to 10× larger than the largest protein in the human body, titin.
With the successful synthesis of high MW brush polypeptides, we were additionally curious whether
they possess similar thermal properties to the linear polymers. Dynamic scanning calorimetry (DSC) of
two PBLG polymers was conducted which revealed similar thermal properties. The linear PBLG50 polymer
showed a single thermal event at 22 ◦C, representing the glass transition temperature (Figure 2.10a). Up to a
temperature range of 250 ◦C, no other thermal transitions were observed which would represent melting or
perhaps helix unfolding. While typically rigid structures (α-helix) would be thought to have high Tg values,
these polymers instead possess moderate values, yet are not viscous solids as might be expected. Instead, at
room temperature or higher, these polymers are white viscoelastic solids with a somewhat fibrous texture.
The Tg represents the temperature at which polymer chains are able to “slip” past one another. For α-
helices, this is the temperature at which the folded helices are able to slide past one another. Being rigid
rods, they are less likely to entangle than coiled chains with more conformational entropy, leading to the
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Figure 2.10 a,b. DSC traces upon heating (red) and cooling (blue) for PBLG50 (a) and PNB100-g-PBLG50 (b).
Traces shown are first cooling and second heating; temperature ramp = 10 ◦C min-1.
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Table 2.3 Selected PBLG Based Brush Polymers Synthesized in DCM
Polymer Mn (Mn*) MDaa PDI (Mw/Mn)a % Conversionb
PNB100-g-PBLG50 1.25 (1.10) 1.02 > 99
PNB100-g-PBLG100 2.29 (2.18) 1.02 > 99
PNB100-g-PBLG200 4.23 (4.34) 1.01 > 99
PNB100-g-PBLG400 7.94 (8.66) 1.03 > 99
PNB400-g-PBLG400 43.3 (34.6) 1.07 > 98
Polymerizations of BLG-NCA performed in DCM with [M]0 = 0.05 M. Reactions were polymerized for 24
hours. a Determined via gel permeation chromatography; Mn* = expected molecular weight; dn/dc = 0.0930.
b Determined via FT-IR.
25 30 35 40
N
or
m
al
iz
ed
 L
S 
R
es
po
ns
e
Elution Volume (mL)
 DCM
 CHCl3
 DCE
(a)
30 40 50 60
N
or
m
al
iz
ed
 L
S 
R
es
po
ns
e
Elution Volume (mL)
 0.05 M DCM
   0.5 M DMF
   0.1 M DMF
 0.05 M DMF
(b)
Figure 2.11 GPC traces of PNB100-g-PBLG50 polypeptide brush polymers synthesized under various conditions. a.
Polymers synthesized in various solvents. [M]0 = 0.05 M. b. Polymers synthesized at various [M]0 in DMF or DCM.
low Tg value. Interestingly, the brush polymer (PBLG50-g-PBLG50) revealed a Tg of 19 ◦C, slightly lower
than the analogous linear polymer (Figure 2.10b). While the values fall closely to one another, it is possible
that the architecture of the brush polymer induces a higher ordering of the α-helices along the backbone
allowing the helices to slide past one another more easily. Evidence for this higher ordering via small-angle
X-ray scattering (SAXS) revealed no long range order, suggesting that this may not be the case, however.
To confirm the successful control over the polymerization under these new conditions, we utilized atomic
force microscopy (AFM) in tapping mode to study the size, shape, and conformation of the polypeptides in
the solid state. Spin coating DMF solutions of the brush polymers onto mica confirmed the excellent control
over the polypeptides. From the height (Figure 2.13a) and phase (Figure 2.13b) images, the conformation
of PNB100-g-PBLG50 is shown to be rigid and rod-like. Statistical analysis of > 150 individual polymer
molecules revealed a length polydispersity (Lw/Ln) of 1.10 (Figure 2.13c) which is in close agreement to
the GPC results (1.02) shown in Table 2.3. The average length of the polypeptide brush polymers along
the direction of the norbornene backbone was 52 ± 16 nm. The average distance of each NB monomer of
the PNB100 backbone is ≈ 0.7 A˚ which would result in a length of ≈ 70 nm for a PNB polymer in a fully
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Figure 2.12 GPC traces of a. PNB50-g-PBLGm b. PNB100-g-PBLGm c. PNB200-g-PBLGm d. PNB400-g-PBLGm
polymers synthesized in DCM. [M]0 = 0.05 M.
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Figure 2.13 AFM analysis of PNB100-g-PBLG50. a-d. Height (a), and phase (b) micrographs. Line profile (c) and
length distribution (d) of brush polymers (n = 153). Scale bar = 100 nm.
extended conformation. Brush polymers which adopt a fully extended conformation are expected for those
possessing a dense packing of side-chains. As will be described later in this section, these polymers possess
a low grafting density, hence, the shorter lengths observed in AFM are not surprising. The width of the
polymer brushes, however, is longer than expected at 26 ± 6 nm. For an α helical conformation adopted
by PBLG side-chains, the average distance translated per each residue is 1.5 A˚. For side-chains of designed
DP of 50, this results in an expected helical length of ≈ 7.5 nm. Accounting for brush polymers with a
symmetrical axis along the backbone, this would result in an expected width of ≈ 15 nm. Assuming that
the brush polymers are symmetrical and possess fully extended α-helical side-chains, the actual length of
the polymer side-chains is anywhere from 67 to 88. Given the lateral error of AFM measurements, these
measurements are not remarkably reliable. For instance, a purely geometrical argument based upon an AFM
probe tip with a radius of 10 nm (used in this study), the lateral accuracy for a structure having a width of
25 nm has an associated error of nearly ± 80%. Meanwhile, a structure with dimensions of 50 nm would
have only an associated error of ± 26%, significantly less, yet also not necessarily remarkable. Height
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Figure 2.14 a,b. Height profile (a) and length distribution (b) of PNB200-g-PBLG50. Scale bar = 100 nm; n = 169.
c,d. Height profile (c) and length distribution (d) of PNB400-g-PBLG50. Scale bar = 300 nm; n = 167.
measurements in AFM, however, are significantly more accurate. The height of the polypeptide brushes is
close to 3.0 nm which corresponds to the width of two α-helices. Altogether the dimensions of the brushes
on the mica surface suggest that the brushes adopt a highly condensed state in which the PNB backbone
is contracted from its fully extended length. It is still unclear whether the polypeptide side-chains extend
out perpendicularly from the backbone, however, it is probable that the side-chains wrap around the PNB
backbone to some extent to account for the condensed structure.
Additional polymers were analyzed in the solid state to determine how the length of the brush polymers
scales with the PNB backbone length. PNB200-g-PBLG50 and PNB400-g-PBLG50 were synthesized and
analyzed by identical means (autorefFig:8d). The average lengths of the polymers increased in accordance
with the length of the polymer backbone with PNB200 having a length of 68 ± 17 nm and PNB400 having a
length of 113 ± 28 nm. The widths of all polymer brushes remained 26 nm for those having PBLG chain
lengths of 50. In addition, the heights of all polymers remained near to 3.0 nm suggesting the extension of
the PNB backbone does not significantly affect the conformation of the polymer side-chains. The length
32
(a) (b)
(c)
0 20 40 60 80 100 120
0.0
0.2
0.4
0.6
0.8
1.0
 DMF       DCM + 3% TFA
Fr
eq
ue
nc
y
Length (nm)
(d)
Figure 2.15 AFM of PNB100-g-PBLG50 polymers cast from different solvents. a-c. Brush polymer cast from DCM
(a), DCM + 3% TFA (b), or TFA (c). d. Histogram of polymer length distributions cast from either DMF (red) or
from DCM + 3% TFA (blue). The filled curves are estimated Gaussian distribution of polymer lengths.
distributions measured by AFM also remained narrow for all polymers, being 1.06 for both PNB200-g-
PBLG50 and PNB400-g-PBLG50.
We were also interested in studying the conformation of the polymers in the solid state. It is widely
known that trifluoroacetic acid (TFA) acts as a solvent which promotes unfolding of the α-helix.40 We were
interested in understanding how the conformation of the brush polymers might change upon exposure to
conditions that would unfold the polymers. To study this, PNB100-g-PBLG50 was spin coated on to mica
from a DMF solution as before (Figure 2.13) or from a DCM solution (Figure 2.15a). While in DMF, the
polymer largely consisted of individual polymer brushes with scattered aggregates, the polymers cast from
DCM instead only form a complex web of polymers with no individual polymer brushes observed. When a
polymer solution in DCM containing 3% (v/v) TFA was cast however, individual polymers were observable
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(Figure 2.15b). From solution studies of linear α-helical PBLG in chloroform, a volume fraction of 10%
is sufficient to completely unfold the α-helix.40 Visualization with AFM revealed that the dimensions of
the polymer cast from the different solvents do differ significantly (p < 0.001) with the dimensions of the
polymers cast from DMF being smaller. As stated before, the polymers cast from DMF have an average
length of 52 nm, while the identical polymer cast from DCM + 3% TFA has an average length of 65 nm.
This suggests that the polypeptide chains do not pack as close together and likely partially unravel when
even small amounts of TFA are added. This is further evidenced by a concommitant decrease in the average
height of the polymer chains to ≈ 2.0 nm. Interestingly, when the polymers are cast from pure TFA instead,
the polypeptides are completely unfolded and occupy a significantly larger amount of space (Figure 2.15c).
The average diameter of these presumably single polymer brush chains is over 10 times larger, being over
500 nm. The average height of these polymers is also markedly smaller at 0.5 nm, significantly smaller than
the width of an α-helix, suggesting complete unraveling into a random coil.
The conformation of the brush polymers is largely dictated by the density of the grafted side-chains
along the PNBn backbone. In order to vary the density of grafted side-chains and understand the change
in conformation of the polypeptide brushes we sought a copolymer scaffold that would control the density
of initiating groups. Utilizing a phenyl containing norbornene monomer (Ph) we were able to synthesize
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Figure 2.16 a. Synthesis of random copolymers of NB and Ph with Grubbs catalyst (G3) and subsequent protection
with Boc for GPC and 1H NMR analysis. b. GPC traces of various random copolymers of NB and Ph. c. 1H NMR of
the copolymers of NB and Ph. Red refers to peaks specific to Ph and blue to peaks of NB.
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Table 2.4 Characteristics of Copolymers of NB and Ph
Polymer Mn (Mn*) kDaa PDI (Mw/Mn)a dn/dca x:yb
PNBBoc100 31.0 (30.8) 1.01 0.0842 –
P(NBBoc50-r-Ph50) 29.1 (28.1) 1.02 0.1125 50:50
P(NBBoc25-r-Ph75) 27.9 (26.8) 1.02 0.1232 26:74
P(NBBoc10-r-Ph90) 26.7 (26.0) 1.01 0.1370 10:90
PPh100 25.7 (25.5) 1.01 0.1396 –
Polymerizations performed in DCM with [M]0 = 0.02 M. Reactions were polymerized for 16 minutes.
a Determined via gel permeation chromatography; Mn* = expected molecular weight;
b Determined via 1H NMR.
copolymers with NB to vary the density of grafted polymer chains (Figure 2.16a). Copolymers of various
compositions were successfully synthesized with NB content spanning from 0-100% (Figure 2.16b). The
GPC analysis after Boc protection revealed polymers of precisely the expected MWs and extremly low PDI
values, all of which fell below 1.02. Successful incorporation of the Ph monomer into the polymer chain was
confirmed by 1H NMR which additionally confirmed the expected ratio of NB and Ph in the final copolymer
(Figure 2.16c; Table 2.4). Using these polymers we were then additionally able to initiate the polymerization
of BLG-NCA to form brush polymers of varying grafting density.
The P(NBx-r-Phy) copolymer scaffolds served as excellent initiators for the polymerization of BLG-
NCA, as with the PNBn based initiators. Using the P(NBx-r-Phy) scaffolds shown in Table 2.4, the poly-
merization of BLG-NCA was performed in DCM which resulted in the desired polypeptide brushes (Fig-
ure 2.17a). GPC analysis (Figure 2.17b) reveals excellent control over the MW of the polymers. Interest-
ingly, however, as the grafting density of PBLG α-helices along the scaffold is lessened, the PDI values
begin to rise (Table 2.5). This is most evident for the P(NB10-r-Ph90) scaffold which is expected to have a
grafting density 10 times less than that of PNB100. The PDI value for this brush polymer (1.23), while still
controlled, is significantly higher than previous polymers synthesized. This change is concomitantly shown
in the AFM length profile analysis (Figure 2.17c). The length of the PNB100-g-PBLG50 polymer brushes
previously shown and discussed in Figure 2.13. The average length of these polymer brushes was 52 nm.
Upon decreasing the grafting density by 50% (P(NB50-r-Ph50)), the length profile of the brush polymers did
Table 2.5 Characteristics of P(NBx-r-Phy)-g-PBLG50 Based Brush Polymers
Ratio x:y Mn (Mn*) kDaa PDI (Mw/Mn)a
100:0 1,250 (1,100) 1.02
50:50 740 (570) 1.06
25:75 400 (300) 1.11
10:90 180 (130) 1.23
Polymerizations performed in DCM with [M]0 = 0.05 M. Reactions were polymerized for 24
hours and conversion of monomer was measured to be > 99% by FT-IR. a Determined via gel
permeation chromatography; Mn* = expected molecular weight
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Figure 2.17 a. Depiction of brush polymers synthesized with varying grafting densities of PBLG chains. b. GPC
analysis of PBLG based brush polymers synthesized with P(NBx-r-Phy)-g-PBLG50 polymers. Ratios in legend refer
to x:y content where x+y = DP. c. Polymer length distribution measured by AFM. d. Gaussian fit of length distribution
histogram. e. AFM height profile of P(NB50-r-Ph50)-g-PBLG50. f. AFM height profile of P(NB25-r-Ph75)-g-PBLG50
All polymerizations conducted in DCM with BLG-NCA monomer concentration [M]0 = 0.05 M.
not change significantly (p = 0.055), having an average length of 54 ± 11 nm (n = 443) corresponding to
a length PDI value of 1.04, again in close alignment with GPC results shown in Table 2.5. The polymers
additionally retained their rod-like structure as observed by AFM (Figure 2.17e) and are largely indistin-
guishable from PNB100-g-PBLG50 polymers (Figure 2.13a). Interestingly, reducing the grafting density to
25% showed a decrease in the length of the polymers. This is clearly seen in not only the histrogram dis-
tribution of polymer lengths (Figure 2.17c) but also in the gaussian fits of the distribution (Figure 2.17d).
These polymers showed a length of 43± 13 nm, corresponding to a length PDI of 1.09 which is higher than
the brushes containing higher grafting densities, again in agreement with the GPC data. The breadth of the
length distribution of the P(NB25-r-Ph75)-g-PBLG50 polymers, however, is likely not accurately represented
by this data as the polymers appear more isotropic and round than the previous rod-like structure exhibited
by PNB100-g-PBLG50 and P(NB50-r-Ph50)-g-PBLG50 making it difficult to obtain an accurate length profile
along the PNB backbone.
The cause for the increase in PDI with decreasing grafting density which is clearly evident from both
GPC and AFM data is likely due to an “averaging out” effect. In the PNB100 based brush polymers with no
Ph spacer groups, a high number of PBLG chains are present on the brush polymer. As the grafting density
of the brush polymers decreases, the number of PBLG side-chains on each scaffold decreases. Essentially
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this causes any differences in the number of side-chains present on each brush polymer to have a greater
effect on the MW and hence MWD. That is to say that for polymers of high grafting density (i.e. many side-
chains) a difference in MW between to brush molecules on the order of 1-2 side-chain molecules cannot be
distinguished, whereas for polymers of low grafting density, this difference will significantly alter the MW
of the brush polymer molecules.
While many of the arguments presented for the decreased grafting density of the brushes are intuitive
and most probable, it nevertheless important to confirm the grafting density of the brush polymers. Often,
the crowded environment of the brush polymer may prohibit initiation or propagation resulting in grafting
densities which do not follow the expected feeding ratio. For these reasons, the “grafting from” method often
does not result in maximum polymer chain density. To determine the grafting density of the polymer chains,
an indirect method was adopted by which the poly(norbornene) backbone was degraded via ozonolysis
(Figure 2.18a). This process results in free, linear polypeptide chains. Since, in all cases, the conversion of
monomer is > 99% and hence, all of the monomer is incorporated into the brush polymer, analysis of the
MW of the cleaved chains infers the grafting density of polymer chains via Equation 2.1.
σ =
M∗n
Mn
× pFx (2.1)
where σ refers to the grafting density, M∗n is the expected MW based on the [M]0/[I]0 ratio, Mn is the
measured MW, p is monomer conversion, and Fx is the fraction of NB monomer incorporated into the
backbone. To simply calculations further, we additionally assume that initiating groups have only one of
two fates: (a.) they initiate chain growth, or (b.) they do not initiate. Hence if every NB in a PNBn
based initiator initiates a polymer chain of PBLG, M∗n = Mn and σ = 1. If the measured Mn is higher
than expected, this is explained by lower initiation efficiency which artificially increased the [M]0/[I]0 ratio.
These assumptions are well-grounded, however, as the polymerization is not characterized by an appreciable
degree of termination which would affect these calculations. Additionally, the resulting GPC traces are
monomodal which eliminates contributions from more than one polymer chain population.
The results of the ozonolysis of several PBLG based brush polymers is shown in Figure 2.18b and
Figure 2.18c. The treatment of the polypeptide brushes with ozone results in the complete degradation of
the brush polymer with only smaller MW linear polymer chains, evidenced by the complete disappearance of
the original brush polymer trace and the appearance of a new peak at higher elution volume. Also of interest
is the observation that brush polymers synthesized in either DMF or DCM result in markedly different side-
chains in terms of MW and PDI (Table 2.6). It is clear that the cleaved polypeptide side-chains from the
polymers synthesized in DCM are higher in MW than the brush polymers synthesized in DMF. Additionally,
the PDI values are lower in the former case, having values which are typically below 1.05. Meanwhile, the
side-chains of brush polymers synthesized in DMF are more widely distributed in MW values having PDIs
near 1.2-1.3. This difference in MW and PDI have several important consequences in understanding the
kinetic model of the polymerization to be discussed in Chapter 3. For now, however, it is clear that the
grafting density inferred by these MW values is less for the polymers synthesized in DCM than in DMF.
The grafting density of the brush polymers is independent of the length of the PNBn backbone over a length
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Figure 2.18 a. Ozonolysis of brush polymers forming linear polymers for grafting density determination. DMS =
dimethylsulfide. b. Ozonolysis of PNB100-g-PBLGm based brush polymers synthesized in DMF before (dashed) and
after (solid) ozone treatment. c. Ozonolysis of PNB100-g-PBLGm based brush polymers synthesized in DCM before
(dashed) and after (solid) ozone treatment. d. Control study performed with linear PBLGm treated with ozone under
identical conditions revealing no degradation of the polymers. Dashed = before ozone; solid = after ozone.
spanning n = 10 − 200. Interestingly, the grafting densities increase with increasing side-chain PBLG
lengths. For polymers with designed PBLG side-chains of m = 25, σ = 0.19 on average. As the length of
the side-chains increases to 50, 100, 200, and finally 400, σ continues to rise, reaching values of 0.19, 0.26,
0.33, and 0.44, respectively. This suggests that as the polypeptide side-chains continue to grow, new chains
are continually being initiated resulting in higher grafting densities.
Ozone is a an efficient, convenient, yet strong oxidizing agent. Because of this, there may be several
undesired side reactions with the polypeptide chain which would skew the MW calculations of the cleaved
polymer chains. A control study was conducted, subjecting linear polypeptides to identical conditions and
determining if there are any significant changes in MW or PDI. From Figure 2.18d it is clear that the
polymers remain largely unchanged, even after 15 minutes treatment with ozone. MW values and PDI
values both before and after treatment are within at most 9 % of the initial values, and the PDIs are also
insignificantly altered (Table 2.7). Furthermore, 1H NMR data of the cleaved polymers are identical to
that of freshly synthesized linear polymer suggesting the absence of any significant chemical alteration of
the polypeptide chains. The grafting density values for the polymers synthesized in DCM also shed light
on the dimensions of the polypeptide brushes measured by AFM shown in Figure 2.13 and Figure 2.14a
(See accompanying discussion on page 31). Polymer lengths measured by AFM are shorter than expected
which is adequately explained by the low grafting density of the brush polymers. In this vein, we were
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Table 2.6 Comprehensive Table of Brush Polymer Data
Polymer Mn (Mn*)
MDaa
PDI
(Mw/Mn)a
Mn (Mn*)
kDaa
PDI
(Mw/Mn)a
σb
Brush Polymer Ozonolysis Product
PNB50-g-PBLG25 0.27 (0.28) 1.03 31.0 (5.6) 1.14 0.18
PNB100-g-PBLG25 0.58 (0.56) 1.05 28.0 (5.6) 1.27 0.20
PNB200-g-PBLG25 1.23 (1.12) 1.05 – – –
PNB400-g-PBLG25 2.59 (2.24) 1.08 – – –
PNB10-g-PBLG50 0.14 (0.11) 1.13 48.1 (11.0) 1.05 0.23
PNB50-g-PBLG50 0.61 (0.55) 1.02 60.1 (11.0) 1.01 0.19
PNB100-g-PBLG50 1.25 (1.10) 1.02 65.5 (11.0) 1.03 0.17
PNB100-g-PBLG50c 1.50 (1.10) 1.13 24.8 (11.0) 1.34 0.42
PNB200-g-PBLG50 2.53 (2.20) 1.04 62.6 (11.0) 1.04 0.18
PNB400-g-PBLG50 5.79 (4.40) 1.07 – – –
PNB10-g-PBLG100 0.25 (0.22) 1.11 82.6 (21.8) 1.05 0.27
PNB50-g-PBLG100 0.97 (1.09) 1.02 – – –
PNB100-g-PBLG100 2.29 (2.18) 1.02 88.8 (21.8) 1.03 0.25
PNB100-g-PBLG100c 3.8 (2.18) 1.22 39.5 (21.8) 1.37 0.52
PNB200-g-PBLG100 4.18 (4.36) 1.02 84.0 (21.8) 1.04 0.26
PNB400-g-PBLG100 11.15 (8.72) 1.06 – – –
PNB10-g-PBLG200 0.50 (0.43) 1.08 126 (43.4) 1.05 0.35
PNB50-g-PBLG200 2.03 (2.17) 1.01 138 (43.4) 1.04 0.30
PNB100-g-PBLG200 4.23 (4.34) 1.01 134 (43.4) 1.03 0.33
PNB100-g-PBLG200c 9.5 (4.34) 1.69 74.5 (43.4) 1.28 0.52
PNB200-g-PBLG200 8.29 (8.68) 1.02 131 (43.4) 1.03 0.34
PNB400-g-PBLG200 22.3 (17.4) 1.08 – – –
PNB50-g-PBLG400 4.09 (4.33) 1.02 207 (86.6) 1.04 0.40
PNB100-g-PBLG400 7.94 (8.66) 1.03 193 (86.6) 1.05 0.46
PNB100-g-PBLG400c 14.8 (8.66) 2.52 142 (86.6) 1.20 0.42
PNB200-g-PBLG400 16.6 (17.4) 1.03 197 (86.6) 1.05 0.45
PNB400-g-PBLG400 43.3 (34.6) 1.07 – – –
Polymerizations performed in DCM with [M]0 = 0.05 M. Reactions were polymerized for 24 hours and conversion of monomer
was measured to be > 98% by FT-IR. a Determined via gel permeation chromatography; Mn* = expected molecular weight.
b Grafting density (σ) calculated according to Equation 2.1. c Polymers synthesized in DMF; [M]0 = 0.5 M
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Table 2.7 Stability of Linear PBLG During Ozone Treatment
Polymer Mn
(kDa)a
PDI
(Mw/Mn)a
Mn
(kDa)a
PDI
(Mw/Mn)a
Change
(%)
Before Ozonolysis After Ozonolysis
PBLG50 22.1 1.04 23.2 1.03 4.9
PBLG100 34.8 1.05 36.6 1.05 5.2
PBLG150 41.4 1.08 45.1 1.05 8.9
PBLG200 50.9 1.07 54.0 1.06 6.1
Polymers synthesized using NB as an intiator in DCM. a Determined via Gel Permeation Chromatography.
also interested in confirming the actual grafting density of the polypeptide brushes synthesized using the
P(NBx-r-Phy) copolymer scaffolds. Ozonolysis revealed that for all P(NBx-r-Phy) scaffolds, the MW of the
polypeptide side-chains were nearly identical, averaging 60 kDa corresponding to 5-6 times the expected
values (data not shown). The identical MW of the side-chains suggests that the grafting density varies
directly with the NB content in the scaffold. That is to say that for scaffolds with NB content of 100, 50, 25,
and 10%, the grafting density (σ) decreases linearly from 17 to 11, 5, and 2% respectively. These results
are also somewhat surprising, seeing that a grafting density of 17% results in polymers with a rigid rod-like
structure. These longer side-chain lengths, however, do trend with the larger widths of polymer brushes
measured by AFM.
In conclusion, we have demonstrated that using a combination of metathesis chemistry and controlled
NCA chemistry, well-controlled polypeptide brush polymers can be synthesized. Careful control over the
solvent conditions for the NCA polymerization was found to be crucial to forming ultra-high MW polymers.
The characteristics of the final polymers in terms of MW and PDI were extremely well-controlled in this
system. Careful analysis of the polymers using AFM and ozonolysis revealed important aspects about the
morphology and architeture of the final brush polymers which have a rigid rod-like structure in the solid
state, and a low density of side-chains. The MW of the side-chains are higher than expected, and vary
depending on the [M]0/[I]0 ratio suggesting an incomplete and continual initiation process which occurs
during the course of the polymerization. The side-chains, however, have low PDI values suggesting a
controlled polymerization process.
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2.3 Materials and Methods
General Experimental Considerations
All reagents and solvents were purchased from Sigma-Aldrich and used as received unless otherwise spec-
ified. γ-Benzyl-L-glutamic acid, was purchased from Chem-Impex. All polymerizations were mixed in
an MBraun glovebox under argon. Dichloromethane (DCM) was prepared by refluxing over CaH2 for
24 h, distilling, and purging with N2 gas for 15 minutes. Dry hexanes and THF were prepared by pass-
ing nitrogen purged solvents through activated alumina columns. All dry solvents were stored over 4 A˚
sieves in the glovebox. All vials used to handle trimethylsilyl (TMS) protected amines were silanzed by
allowing vials to sit over vapor of chlorotrimethylsilane for 4 h in a desiccator under static vacuum. Vials
were rinsed with deionized water, dried at 100 ◦C, and stored in the glovebox. Grubbs catalyst (G3)41 and
N-tritylethylenediamine42 were synthesized according to literature procedures. All polymerizations were
performed with the same batch of NCA monomer.
Instrumentation
Nuclear magnetic resonance (NMR) spectra were recorded on a Varian U400, VXR500, or U500 NMR
spectrometer. Chemical shifts are referenced to residual protons in the deuterated NMR solvents. MestReN-
ova 8.1.1 was used to analyze all spectra. Gel Permeation Chromatography (GPC) was performed on a
system equipped with a Model 1200 isocratic pump (Agilent Technology) in series with a 717 Autosampler
(Waters) and size exclusion columns (102 A˚, 103 A˚, 104 A˚, 105 A˚, 106 A˚ Phenogel columns, 5 µm, 300 ×
7.8 mm, Phenomenex) which were maintained at a temperature of 60 ◦C. A DAWN HELEOS (Wyatt Tech-
nology) multiangle laser light scattering (MALLS) operating at a wavelength of 658 nm and an Optilab rEX
refractive index detector (Wyatt Technology) operating at a wavelength of 658 nm were used as detectors.
The mobile phase consisted of N,N-dimethylformamide (DMF) containing 0.1M LiBr at a flow rate of 1 mL
min-1. Samples were filtered through a 0.45 µm PTFE filter before analysis. Absolute molecular weights of
polymers were determined using ASTRA 6.1.1.17 software (Wyatt Technology) and calculated from dn/dc
values assuming 100% mass recovery. Atomic force microscopy (AFM) images were taken under ambient
conditions in tapping mode on a Cypher (Asylum Research) using BS-Tap 300Al tips (Budget Sensors).
Solutions of polymers in DCM were diluted in DMF to a final concentration of 0.1 mg mL-1 and spin coated
onto freshly cleaved mica at 4000 rpm under dry nitrogen for 2 minutes. Statistical data such as length and
width distributions were collected and analyzed using Igor Pro v. 6.34 AFM analysis software (Wavemet-
rics). Fourier Transform Infrared Spectroscopy (FT-IR) was performed on a Perkin Elmer Spectrum 100.
Conversion was determined by loading a permanently sealed KBr cell (0.1mm; SL-3 International Crystal
Laboratories) with a known dilution of sample in DCM and comparing absorbance of BLG-NCA monomer
at 1793 cm-1 with a known calibration curve.
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Synthetic Procedures
γ-Benzyl-L-Glutamate N-Carboxyanhydride: (BLG-NCA)
NH2
O
BnO
O
OH
HN
O
BnO
O
O
O
Phosgene, THF
50 °C
To an oven dried 250 mL round bottom flask
was added γ-Benzyl-L-glutamic acid (6.03
g, 25.4 mmol), which was dried under high
vacuum with stirring for 2 h. The flask was
filled with nitrogen and 80 mL of dry THF
was added to create a suspension. The flask was cooled on ice, then phosgene (15 wt% in toluene, 22.1
mL, 31.0 mmol) was added in one portion. The flask was then placed into a pre-warmed oil bath at 50 ◦C,
heated for 2 h under nitrogen. The now clear, colorless solution was cooled and evaporated. The residue
was transferred to a glovebox, dissolved in ca. 25 mL dry THF and recrystallized by layering 5-10 volumes
of dry hexanes, and allowing to stand for 48 h. This procedure was repeated three times to yield a white
crystalline solid (5.4 g, 81%).
1H NMR (500 MHz, CDCl3): δ 7.41–7.29 (m, 5H), 6.94 (s, 1H), 5.12 (s, 2H), 4.38 (t, J = 6.2 Hz, 1H),
2.57 (t, J = 7.1, 2H), 2.25 (dq, J = 13.5, 6.7 Hz, 1H), 2.11 (dq, J = 14.2, 7.1 Hz, 1H). 13C NMR (125
MHz, CDCl3): δ 172.5, 169.6, 152.2, 135.3, 128.8, 128.7, 128.4, 67.2, 57.0, 29.8, 27.0. Anal. Calcd for
C13H13NO5: C, 59.31; H, 4.98; N, 5.32. Found: C, 59.39; H, 4.75; N, 5.50.
(3aR,4R,7S,7aS)-2-benzyl-3a,4,7,7a-tetrahydro-1H-4,7-methanoisoindole-1,3(2H)-dione: (Ph)
O
O
O
H2N N
O
O
+
TEA
PhCH3
In a round bottom flask was added
cis-norbornene-exo-2,3-dicarboxylic anhy-
dride (500 mg, 3.05 mmol), pure distilled
benzylamine (353 µL, 3.2 mmol), triethy-
lamine (467 µL, 3.4 mmol), and 15 mL
toluene. The reaction was refluxed under dean stark trap overnight. After cooling the reaction, 20 mL
ethyl acetate was added and the reaction was washed with 3 x 10 mL 1N HCl, 10 mL brine, dried over
Na2SO4, and dried in vacuo. The product was recrystallized from ice cold methanol to yield 425 mg of
brilliant white crystalline product (55% yield).
1H NMR (500 MHz, CDCl3): δ 7.39–7.27 (m, 5H), 6.27 (t, J = 1.8 Hz, 2H), 4.62 (s, 2H), 3.25 (p, J = 1.8
Hz, 2H), 2.68 (d, J = 1.4 Hz, 2H), 1.41 (dp, J = 9.9, 1.6 Hz, 1H), 1.06 (dt, J = 10.0, 1.5 Hz, 1H). 13C NMR
(125 MHz, CDCl3): δ 177.8, 138.1, 136.0, 129.0, 128.8, 128.1, 48.0, 45.4, 42.8, 42.5. HRMS (ESI-TOF)
m/z: [M + H]+ Calcd for C16H16NO2 254.1181; Found 254.1173.
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(3aR,4R,7S,7aS)-2-(2-(tritylamino)ethyl)-3a,4,7,7a-tetrahydro-1H-4,7-methanoisoindole-1,3(2H)
-dione: (2)
N
O
O
NHTrt
The reaction was carried out similar to previous procedures.43 Briefly, a solu-
tion of N-tritylethylenediamine (9.15 g, 30.3 mmol) and cis-5-norbornene-exo-2,3-
dicarboxylic anhydride (1, 3.35 g, 20.4 mmol) in dry toluene (50 mL) was refluxed
for 24 h. The reaction mixture was evaporated, dissolved in 100 mL DCM and
washed twice with 1N HCl (50 mL), followed by 50 mL saturated bicarbonate solu-
tion, 50 mL water, and 50 mL brine. The organic layer was dried over Na2SO4 and evaporated to yield a
white/tan powder. Product was recrystallized from a large amount of methanol to give 6.8 g of 2 as a white
microcrystalline powder (74% yield).
1H NMR (500 MHz, DMSO-d6): δ 7.34 (d, J = 7.5 Hz, 6H), 7.27 (t, J = 7.7 Hz, 6H), 7.18 (tt, J = 7.3, 1.5
Hz, 3H), 6.29 (t, J = 1.5 Hz, 2H), 3.52 (t, J = 6.7 Hz, 2H), 3.08 (d, J = 2.9 Hz, 2H), 2.88 (t, J = 7.9 Hz,
1H), 2.68 (s, 2H), 2.13 (q, J = 7.1 Hz, 2H), 1.31 (d, J = 9.8 Hz, 1H), 1.12 (d, J = 9.6 Hz, 1H). 13C NMR
(125 MHz, CDCl3): δ 178.3, 145.8, 137.9, 128.5, 127.9, 126.4, 70.7, 48.0, 45.3, 43.0, 41.9, 39.1. HRMS
(ESI-TOF) m/z: [M + H]+ Calcd for C30H29N2O2 449.2229; Found 449.2224.
(3aR,4R,7S,7aS)-2-(2-aminoethyl)-3a,4,7,7a-tetrahydro-1H-4,7-methanoisoindole-1,3(2H)-dione
trifluoroacetate: (3)
N
O
O
NH2•TFA
A solution of 2 (2.76 g, 6.15 mmol) was dissolved in 12 mL DCM. Trifluoroacetic
acid (2.37 mL, 31 mmol) was added dropwise and the resulting solution was
capped and stirred overnight at room temperature. The resulting solution was
evaporated and 30 mL ether was added to precipitate the product. Filtration of the
suspension provided 1.65 g of 3 as a white powder (84% yield).
1H NMR (500 MHz, DMSO-d6): δ 7.90 (s, 3H), 6.32 (t, J = 1.7 Hz, 2H), 3.63 (t, J = 6.3 Hz, 2H), 3.10
(s, 2H), 2.96 (t, J = 6.4 Hz, 2H), 2.69 (d, J = 1.3 Hz, 2H), 1.35 (d, J = 9.8 Hz, 1H), 1.20 (d, J = 9.8 Hz,
1H). 13C NMR (125 MHz, DMSO-d6): δ 177.7, 137.7, 47.6, 44.5, 42.7, 36.6, 35.7. 19F NMR (470 MHz,
DMSO-d6): δ -74.1. HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C11H15N2O2 207.1134; Found 207.1134.
(3aR,4R,7S,7aS)-2-(2-((trimethylsilyl)amino)ethyl)-3a,4,7,7a-tetrahydro-1H-4,7-methanoisoindole-
1,3(2H)-dione: (NB)
N
O
O
NHTMS
The trifluoroacetate salt 3 (1.07 g, 3.35 mmol) was dissolved into 10 mL DCM re-
sulting in a cloudy solution. Amberlyst A21 free base resin (2.7 g) was added to
the solution and stirred for 10 minutes. The solution became clear, and then slightly
turbid. The reaction was filtered through a small pipet of celite and evaporated im-
mediately to obtain 441 mg (2.14 mmol, 64% yield) of a light yellow oily residue
which solidified into a white powder upon scratching. Product (4) is unstable at room temperature in solid
and solution state for long periods of time. Following isolation the product was transferred to a glovebox
and used immediately in the next step without additional purification.
In a glovebox, 4 (441 mg, 2.14 mmol) was added to a solution of N,O-bis(trimethylsilyl)acetamide (1.05
43
mL, 4.28 mmol) in 5 mL of dry THF and allowed to stir overnight. The solution was transferred to a dry
narrow schlenk tube and carefully evaporated at room temperature to yield an oil. The schlenk tube was then
transferred outside the glovebox and immersed in a 50 ◦C oil bath for 2-3 h under high vacuum to sublime
the crystalline mono silylated acetamide byproduct along the sides of the flask. The reaction was transferred
back into the glovebox and dry THF was carefully added to dissolve and remove the residue remaining at
the bottom of the schlenk tube containing the desired product. To the resulting THF solution (ca. 5 mL) of
product was added more N,O-bis(trimethylsilyl)acetamide (105 µL, 0.43 mmol) and stirred overnight. The
solution was evaporated in vacuo at room temperature and the resulting residue was recrystallized from dry
hexanes at -30 ◦C three times to yield 398 mg of NB as a white crystalline powder (1.43 mmol, 67% yield).
1H NMR (500 MHz, CDCl3): δ 6.28 (t, J = 1.9 Hz, 2H), 3.47 (t, J = 6.6 Hz, 2H), 3.26 (p, J = 1.6 Hz, 2H),
2.89 (dt, J = 8.1, 6.6 Hz, 2H), 2.67 (d, J = 1.4 Hz, 2H), 1.49 (dp, J = 9.8, 1.6 Hz, 1H), 1.35 (dtd, J = 9.8,
1.7, 0.9 Hz, 1H), 0.41 (t, J = 8.1 Hz, 1H), 0.00 (s, 9H). 13C NMR (125 MHz, CDCl3): δ 178.5, 137.9, 48.0,
45.3, 43.0, 42.0, 39.6, 0.0. Anal. Calcd for C14H22N2O2Si: C, 60.39; H, 7.96; N, 10.06. Found: C, 60.38;
H, 7.68; N, 10.17.
Polymerizations and Post-Polymerization Chemistry
Backbone Synthesis (Polymerization of NB)
In a glovebox, NB (4 mg, 0.014 mmol) was dissolved in dry DCM in a silanzed vial, then G3 catalyst (1
mg mL-1 in DCM) was added at the desired [M]0/[I]0 ratio, such that the final concentration of NB was 0.02
M. The reaction was stirred at 23 ◦C for 20 minutes per each 100 repeating units in the final polymer. The
polymerization was terminated with 4 µl ethyl vinyl ether. An identical procedure was followed for random
copolymers (PNBx-r-PPhy) utilizing the proper monomer ratios. All initiator solutions were stored in the
glovebox and used directly for NCA polymerizations.
Boc Protection of PNB Polymers (PNBBoc)
Since PNB is unstable under ambient conditions, it is necessary to remove the TMS group and protect the
resulting amine before GPC analysis can be conducted. In the glovebox, di-tert-butyl dicarbonate (15 equiv
to TMS) was added to the polymer solution. Then, methanol (100 equiv to TMS) was quickly added under
stirring. The solution was stirred for 1 hour, removed from the glovebox, and precipitated into 4 mL ether
three times to yield a white solid. (dn/dc = 0.0824).
Typical NCA Brush Polymerization
In a glovebox, BLG-NCA (5 mg, 0.019 mmol) was weighed into a silanized vial and dissolved in DCM. A
proper volume of initiator (∼0.02 M in DCM) was added at the desired [M]0/[I]0 ratio such that the final
concentration of monomer was 0.05 M. For analysis of resulting unfractionated polymers, polymerization
solutions were analyzed by drying in vacuo and dissolving in 0.1 M LiBr for GPC analysis.
For polymerizations conducted in DMF, the PNB initiator was added to a silanized vial and subsequently
evaporated before redissolving in DMF. Polymerizations were carried out as above but typically at higher
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monomer concentration (0.5 M).
Linear NCA Polymerization
In a silanzed 2 mL Reacti-Vial was placed BLG-NCA (26.3 mg, 0.1 mmol) with a magnetic stir vane. The
solid was dissolved in DCM, and NB (10 mg mL-1 in DCM) was added at the proper [M]0/[I]0 ratio ensur-
ing the final concentration of [M] = 0.5 M. The reaction was capped tightly and stirred at room temperature
overnight. After the polymerization, solvent was evaporated and the remaining polymer was dissolved in
GPC mobile phase and injected into the GPC without additional purification.
Ozonolysis of Polymers
A stream of oxygen was passed through a solution/suspension of linear or brush PBLG (ca. 25.0 mg) in
DCM (ca. 4 mL) cooled to -78 ◦C for 2 min. The ozone generator was then turned on and ozone was
bubbled through the chilled solution for 15 min to ensure complete degradation of the brush polymer. The
solution became blue after 2-3 min. After ozone treatment, oxygen was bubbled through the solution for
2-3 min, until the solution became colorless. To the resulting solution was added 100 µL of dimethyl sulfide
(DMS). The reaction was then allowed to sit overnight at room temperature. Unfractionated polymers were
analyzed by GPC by directly drying in vacuo. Polymers could alternatively be isolated through precipitation
of the concentrated solution into methanol. Yields were typically > 75%. The 1H NMR is identical to that
of native linear PBLG.
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Chapter 3
Polymerization Kinetics of Polypeptides†
3.1 Introduction
The polymerization phenomena of NCA monomers have been heavily investigated since at least the
1950s. Throughout the intervening years, activity on the understanding of the eccentricities of the polymer-
ization has diminished, most probably because in solvents such as DMF, the polymerization behaves as a
typical living polymerization and thus, needn’t be investigated further. Importantly, however, the odd behav-
ior in these polymerizations observed so long ago, have never found a proper explanation. While certainly
several theories have evolved (one of which we believe is fundamentally correct), controversy and conflict-
ing evidence precluded a sound explanation. In this section, the history and development of this field will
be presented linearly in order to better appreciate the evidence and data provided in the following section
(Section 3.2).
†Portions of this chapter have been published: Baumgartner, R.; Fu, H.; Song, Z.; Lin, Y.; Cheng, J. Cooperative polymerization
of α-helices induced by macromolecular architecture. Nat. Chem. 2017, Advance Online Publication (doi:10.1038/nchem.2712)
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Figure 3.1 Log of ratio of original anhydride concentration to that at time t ([A]0/[A]t) vs. time for four different
anhydride-initiator ratios; [A]0 = 0.152. Adapted with permission from [1]. Copyright 1957 American Chemical
Society.
It was well appreciated early on that the structure of the initiator played an important role in the propa-
gation mechanism and hence the rate of the polymerization. The primary and most salient observation was
that basic molecules activated a significantly faster polymerization than primary amine based initiators.1–5
In these seminary and beautifully performed studies, several other unique aspects of the polymerization
phenomenon were uncovered. Perhaps, of most importance and relevance to the data presented in the fol-
lowing section was the observation of two very different polymerization behaviors in the strongly solvating
solvent DMF and non-polar solvents such as chloroform or 1,4-dioxane. In the former case, when initiated
by primary amines, the polymerization was described by a single rate constant. The resulting polymers
were well-controlled according to Mw and Mn values determined by viscosity and titration, respectively. In
contrast to the control and typical kinetic behavior of the living polymerization in DMF, in solvents such
as benzene, 1,4-dioxane, chloroform, nitrobenzene, and ethylene chloride, the polymerization instead con-
sisted of two kinetic regimes. The first stage of the polymerization was described by a slow propagation,
after which, a faster propagation rate suddenly appeared and continued for the duration of the polymeriza-
tion. Both stages were described by typical pseudo-first order kinetics as revealed from a semilogarithmic
plot of the kinetic data (Figure 3.1). It is important to note here that the transition from the first to the second
stage follows a trend. As the designed DP of the polymer increases, the transition occurs earlier, with respect
to the fraction of NCA polymerized. When the designed DP is low enough (< 4) the transition does not
occur at all, and only a single polymerization rate is observed. Through several other deeply insightful and
poignant studies previously performed by Blout et al, it was shown that the conformation of the polypeptide
changes in the region near the transition from β-sheet to α-helix.6 Additionally, the degree of polymeriza-
tion near this region (for polymers of designed DP < 40) transitioned when the polymer was 7–12 repeat
units long, assuming all initiators initiated the polymerization.1 The estimated DP of the transition is in
agreement with the expected length at which an α-helix becomes stable, further providing a firm backing to
this hypothesis.
Opposition to this intriguing structure-activity relationship was strongly advocated by Ballard and Bam-
ford. First, the true appearance of the two-stage rate behavior was questioned, as this phenomenon was not
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reproducible in their laboratories.7 The emphasis placed on having pure anhydride, while not misplaced, was
excessive in only favoring data from sublimed rather than recrystallized anhydride.7,8 It was quickly pointed
out by Doty et al, that sublimation did not drastically alter the polymerization rates,1 but that the presence
of acidic impurities contained within the monomer can inhibit this two-stage behavior, and account for the
seemingly contradictory results.4 Opposition, however, continued from Bamford, citing several substanti-
ated (and less substantiated) claims. One such claim was that some reactions transitioned from homogeneous
phase to a heterogeneous solution during the polymerization.8,9 While certainly precipitation or aggregation
can lead to strange polymerization phenomena, the case, however, was that some polymerizations proceed
heterogeneously, while others that still possess two stage rate behavior proceed homogeneously. In our
laboratory, for example, the polymerization of BLG-NCA in chlorinated solvent proceeded homogeneously
for the duration of the polymerization and always possessed two-stage rate behavior. Additionally, when
we performed polymerizations of BLG-NCA in dioxane, no precipitation was observed. Thus, while pre-
cipitation of the polymer will almost certainly affect the rate, it may be due to solubility of the changing
conformation of the polypeptide, and not necessarily the direct cause of the rate constant, but merely an
additional consequence of the formation of α-helices. Additionally, precipitation did not always neces-
sarily coincide with the onset of the rate enhancement.10 Another attack on the hypothesis of Doty et al
was the observation that other NCA monomers underwent two stage kinetics.8,9 These monomers included
N-methyl glycine-NCA (sarcosine-NCA) and proline-NCA. Since these NCA monomers result in tertiary
amides, they are not capable of forming a hydrogen bonded α-helix, and so cannot be adequately explained
by Doty’s hypothesis. As we will delineate in the following section, the conformation of the polymer chain
plays a crucial role in dictating the polymerization kinetics. It is widely known that polyproline is capable of
forming two helical structures, and thus, it is not unimaginable that the formation of such a structure would
lead to a change in kinetics. The same is true of sarcosine-NCA. Lastly, the N-alkylated NCA monomers
also behave very differently during the polymerization due to the added steric hindrance of the nucleophilic
amine. Phenomenon observed for these monomers, while insightful, are not necessarily directly comparable
to non-alkylated NCA monomers.
Another fault of the coil-helix transition hypothesis was the fact that some DL-NCA monomers also
possessed two-stage kinetic behavior.10–12 While often not as prominent as that observed for the enantiopure
monomers, the appearance is not necessarily expected. In our hands, DL-Glu-NCA always proceeded with a
single rate constant for the duration of the polymerization, however, our polymerizations were conducted in
chlorinated solvents, not 1,4-dioxane which is the solvent comprising the majority of the literature studies.
While the D and L NCA monomers do not polymerize independently (that is, they are not exclusively
polymerized by their respective helical structures), this also cannot account for the two-stage rate behavior
observed by some. The exact reason for this behavior is not obviously apparent, however, the importance of
the peptide chain conformation, solvent, and larger order structures on the rate of the polymerization make
de-linearizing mechanisms of this polymerization difficult.
The last important feature that swayed many scientists away from the helical growth hypothesis was the
quantitative analysis on the polymer DP at the onset of the transition. If the formation of an α-helix causes
the transition, then at any designed DP polymer DP, the transition should always occur at a DP between 7
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and 12 where the α-helix becomes stable. While for DPs < 40, Doty reported that the values fall within
this range,1 several other groups reported values far removed from a reasonable range. An in-depth analysis
from Williams et al revealed DP values at the transition up to 25.11 Additionally, they revealed that the DL
polymer transitioned even earlier. Other groups provided data that suggested that the transition DP values
were even higher, up to 90.13 If these values are correct, indeed, this is strong evidence against the coil-helix
hypothesis. However, what we will show in the next section, is that this analysis may not have been properly
conducted. The DP values calculated in these papers, for instance, assume 100% initiation efficiency, and
equal growth of all monomers. In addition, it does not account for the breadth of the transition from one
stage to the next. In fact, these confounding factors actually led to several incorrect interpretations of the DP
at the transition. The polymerization kinetic analysis we present shows that careful consideration of the rate
constants of the first and second stage are crucial to determining an accurate value. Our values for the DP
at transition all fall within the range of 7–12 for polymers with designed DP values up to 200. This shows
how important a careful consideration of the data is to a proper interpretation.
3.2 Brush Polypeptide Polymerization Kinetics
The polymerization rate of polypeptides were measured under the new conditions discussed in Chapter
2. We measured the kinetics of both the linear and the brush polymerization kinetics and found an unusual
and unexpected difference in the rate of polymerization of these two similar systems (See Figure 2.5). In the
case of the linear polymerization initiated with NB, the polymerization proceeds sluggishly. A polymer with
DP of 200 takes over 24 hours to reach completion (Figure 3.2a). Interestingly, when the polymerization
is carried out using PNB100 as an initiator under otherwise identical conditions, the reaction is complete
within 1 hour. This marked difference in rate is considerably astonishing bearing in mind that the initiators
for both linear and brush polymerizations are nearly identical, chemically, and differ only in the connectivity
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Figure 3.2 a. Conversion of BLG-NCA in DCM using NB (red) or PNB100 as inititors revealing marked rate en-
hancement using PNB100. [M]0 = 0.05 M; [I]0 = 0.25 mM. b. Conversion of BLG-NCA in DMF using endo-NB (red)
or P[(endo-NB100)-r-(endo-Ph30)] (blue). The dotted line is a typical first order decay with rate constant k = 4.77×10-5
s-1. [M]0 = 0.2 M; [I]0 = 2 mM.
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and proximity of initiating groups. Interestingly, this striking rate difference is not observed in traditionally
used solvents such as DMF (Figure 3.2b).14 When the polymerization is conducted in this solvent, both the
linear and brush based initiators propagate at the same rate (k = 4.77×10-5 s-1) and by a mechanism which
appears distinct from the polymerization in DCM (vide infra). While NCA polymerizations are widely
known to be plagued by other more rapid propagation mechanisms involving deprotonation of the N–H
bond and subsequent polymerization of the activated monomer,15–18 the absence of linear polymer which
would result from monomer mediated initiation suggests the absence of this propagation mechanism in both
solvents (Figure 2.9 and Figure 2.12), in line with previous reports of TMS mediated polymerization of
NCAs.14,19,20
In order to elucidate factors leading to this substantial rate enhancement in DCM, we utilized in situ
fourier transform infrared spectroscopy (FT-IR) to monitor the progress of the NCA polymerization in more
detail (Figure 3.3a). We observed that, like the linear polymerization, the consumption of monomer pro-
ceeded in two distinct stages.1 During the first stage, the disappearance of NCA monomer (1865 cm-1, 1793
cm-1) is relatively slow, and the resulting polypeptides take on the form of solvated coils evidenced by the
increase in absorbance at 1658 cm-1.21 This primary nucleation stage is followed by a sudden transition to
a second, faster elongation stage which is characterized by a rapid depletion of NCA monomer. During this
stage, the amide I and amide II regions show increasing absorbance at 1655 cm-1 and 1549 cm-1, respec-
tively, which is typical of α-helical secondary structures.21 Monitoring changes in circular dichroism (CD)
during the polymerization also confirms the clear formation of right-handed α-helical structures at the onset
of the second stage (Figure 3.3b). The critical length of the side-chains at the transition point determined
from kinetic models (vide infra) ranges from 8–12, in excellent agreement with the length at which α-helices
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Figure 3.3 a. Polymerization of BLG-NCA initiated by PNB100. Changes in the concentration of BLG-NCA and
product are shown as changes in the FT-IR spectrum over the duration of the polymerization. Absorbance at 1733 cm-1
refers to the benzyl ester. b. Comparison between the conversion of BLG-NCA (black) at 1793 cm-1, the increase in
the absorbance corresponding to the formation of α-helix (green) at 1655 cm-1, and the change in ellipticity (blue) as
monitored by CD at a wavelength of 227.9 nm. The conversion of monomer in the early stages of the polymeriza-
tion proceeds without the onset of secondary structure. Only when the α-helix appears does the polymerization rate
increase dramatically.
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Figure 3.4 Pseudo first order kinetic plots of BLG-NCA polymerization initiated by PNB100 in DCM at various
[M]0/[I]0 ratios at [M]0 = 0.05 M. a. [I]0 = 2 mM (DP = 50). b. [I]0 = 1 mM (DP= 50). c. [I]0 = 0.5 mM (DP = 100).
d. [I]0 = 0.25 mM (DP=200). Each colored data point represents an independent replicate.
become stable.22–24 This data suggests that in addition to the rate differences determined by the structure
of the initiator, the folding of the polypeptides into α-helices also induces a more favorable polymerization
process.
These two factors, however, appear to be related. Consider the values of the rate constants for the
primary nucleation stage (k1) and the second elongation phase (k2) for both the linear and brush systems.
While the semilogarithmic plots reveal pseudo-first order kinetics during both stages of the polymerization
(Figure 3.4), the rate constants cannot be accurately determined from these plots due to the uncertainty in
the number of actively growing chains. Nonetheless, the kinetic models developed for the polymerization
(vide infra) reveal an over 1,000 fold increase in the magnitude of the rate constant for the brush system,
upon formation of α-helices (k2/k1). Meanwhile, the formation of α-helices in the linear polymerization
only increases the rate of polymerization by less than a factor of 10. This marked difference is largely due
to increases in the magnitude of k2, which is over 1,000 times larger in the brush polymerization system.
The value of k1 between the linear and brush systems differs by only a factor of 10, being larger in the brush
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Figure 3.5 a,b. GPC LS (a) and dRI (b) traces of PNB100 based brush polymers of various side chain lengths. The
red trace is that of PNB100 mixed with 40 mol% of the linear initiator (NB). If the initiation and propagation of PNB100
and NB are equivalent, the MW of the brush polymer should be identical to PNB100-g-PNB220 (dotted trace). The
absence of lower molecular weight species further confirms that polymerization of PNB100 can occur in the presence
of NB without the formation of linear byproducts.
system. The differences in absolute rate between the linear and brush systems are, in fact, so profound that
the brush polymerization initiated by PNB100 can be carried out in the presence of NB without the formation
of any linear polymer (Figure 3.5). The data extracted from the values of the rate constants suggests that
PBLG helices grown in proximity along the PNB scaffold during the second stage benefit from greater rate
enhancement than random coils grown along the scaffold in the primary phase.
In order to understand this unusual phenomenon, it is instructive to consider the properties of the amide
bond (Figure 3.6a). The amide is a polar functional group (µ = 3.46 D) with a large negative charge residing
on the carbonyl oxygen and corresponding positive charge on the proton of the nitrogen. This large polarity
gives the amide bond its unique ability to participate in hydrogen bonding interactions as both a donor
and an acceptor. For this reason, peptides have the ability to fold into secondary structures such as α-
helices and β-sheets, which utilize these interactions to stabilize the lower entropy conformations adopted
by peptides or proteins. The polarity of the individual amide bond can be characterized by its dipole moment
which considers the magnitude of the charges being separated, as well as the distance over which they are
separated. Functional groups with larger dipole moments are regarded as being more polar. With regards to
peptide structures, since they contain a polyamide backbone, these also have overall dipole moments which
can be calculated through vector addition of all the amide dipoles (Figure 3.6a). In the simplest case, an
anti-parallel β-sheet, the dipoles are perfectly opposed with the neighboring residues along the strand and
the vector sum cancels, leaving the β-strand with an net dipole of 0. When the peptide strand is allowed
to have some degree of conformational and rotational freedom, these dipoles do not necessarily align in a
manner such that they cancel. In this way, a peptide in a random coil structure has an overall dipole moment.
This random coil state represents a middle ground between the β-sheet in which there is no net dipole, and
the other extreme, the α-helix, which contains an ordered alignment of all amide dipoles. In the α-helix,
the hydrogen bonding interactions of the amide bonds result in a hydrogen bonding network which traverses
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the entire length of the helix. These dipoles are thus, necessarily aligned in a parallel manner and thus
are additive. The combination of all the amide dipoles that compose the α-helix results in a macro-dipole
moment which can be thought of as the dipole of the entire α-helix itself. In fact, the macro-dipole of an
α-helix is substantial. Calculations show that the electric field felt at the α-helix terminus is over 4.1 × 106
V cm-1 with interaction distances spanning over 20 A˚.25,26 Other studies cite the electric charge felt near the
helix termini is on the order of half of an elementary electric charge, q, a very substantial amount.27,28
If we now return to the polymer system at hand and consider the linear and brush polypeptide systems,
the key difference stems from the proximity and orientation of the resulting polypeptide chains, which is
governed in turn by the structure of the initiator. In the brush polymer system, the NHTMS based initiating
groups are constricted in proximity along the polymer backbone through covalent bonds. As a consequence,
the resulting polypeptide chains are forced to grow outwards from the scaffold, additionally constricting the
direction of growth along the brush scaffold. Furthermore, this proximity induced catalysis is only observed
for the brush system in chlorinated solvents of low dielectric constant. These results can be understood by
taking into account the macrodipoles of the α-helices. Within an individual α-helix, the hydrogen bond-
ing network results in a large dipole moment along the helical axis with the negative pole located at the
C-terminus, and the positive pole located at the active polymerization center situated at the N-terminus
(Figure 3.6b). We reason that this macrodipole is the cause for not only the transition from k1 to k2, but
also for the enhanced propagation rates of the brush system over the linear polymerization. Within a single
polypeptide chain, for example, the conformational transition from coil to helix and concomitant formation
of a macrodipole moment will greatly change the electrostatic environment at the growing chain end. When
favorable, this environment will lead to an increased rate of polymerization (k2) since this environment is
tethered to the propagating chain end. When this effect is translated to the brush polymerization system
which contains an approximately parallel array of α-helices, a large electric field results, further strengthen-
ing the electrostatic environment at the chain ends resulting in further enhancement of k2 (Figure 3.6b).
While mechanistic details are under further investigation, the terminal amide N–H bonds, which carry
the positive dipole, appear to be positioned ideally for binding to the oxygen of the 5-carbonyl of the in-
coming NCA (Figure 3.6c and Figure 3.6d). The distance of the oxygen atoms of the NCA monomer can
approach within 1.8 A˚ the typical distance of a hydrogen bond. Additionally, the nucleophilic nitrogen on
the terminus of the helix which participates in nucleophilic attack of the NCA is positioned within a similar
distance of the 2′-carbonyl of the NCA. What is truly remarkable about the proposed transition state of the
NCA monomer addition is that the NCA monomer is positioned in such a way where it must change very lit-
tle in adding to the growing helix. The side-view shown in Figure 3.6c shows that the 2′-carbonyl which will
become a part of the α-helix, already contains the required hydrogen bond with the amide at the n − 3 po-
sition of the helix, exactly what is required for the continued hydrogen bonding network within the α-helix.
Additionally, Figure 3.6d clearly shows that the side-chain of the monomer is additionally situated to be
placed into position within the growing α-helix. The other remarkable feature involves the necessary bond
rotations to transform the nitrogen in the NCA monomer into the new nucleophilic center for propagation.
Once de-carboxylation occurs all of the remaining atoms within the NCA monomer are perfectly positioned
to add the next NCA monomer. The side-chain is oriented properly, the carbonyl already possesses the
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Figure 3.6 a. Dipole of amide bond and corresponding overall dipoles of several peptide conformations. b. Dipole
of a growing α-helix results in the positive dipole at the growing end of the helix (N-terminus). In the brush system,
several parallel α-helices result in a stronger dipole dipole moment at the α-helix terminus. c,d. Predicted binding
of NCA to helix N-terminus from the side (c) and from the top (d). e. Proposed chemical mechanism for NCA
ring-opening at the N-terminus of an α-helix.
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required hydrogen bond to the amide below it, and the new propagating nitrogen is again positioned for the
new monomer. All of the atoms are poised for the next monomer insertion with very little atom movement
required during the reaction.
From a chemical standpoint, these interactions are also expected to greatly enhance the rate of the poly-
merization. It is already known that the rate determining step of the NCA polymerization is the nucleophilic
attack of the amine on the 2′-carbonyl to form the tetrahedral intermediate.12,29,30 It is our contention that
these hydrogen bonds which form on the NCA monomer prior to nucleophilic addition by the amine activate
the NCA to attack. Hydrogen bonds formed by the α-helix with the NCA monomer draw electron density
away from the carbonyl oxygen, in the same manner a lewis acid would, activating the carbonyl carbon and
creating a more electropositive center. Additionally, if pre-binding of the NCA monomer is involved, the
favorable enthalpic gain through the creation of a hydrogen bond essentially pays the entropy penalty of
aligning the NCA monomer for nucleophilic attack. Both of these factors are expected to increase the rate
constant of this elementary step in the chemical reaction, essentially lowering the energy barrier for NCA
monomer addition. The macrodipole of the α-helix also plays a critical role during this step. The dipole of
the α-helix results in a large charge present at the helix termini. At the N-terminus, a positive charge exists,
primarily on the amide hydrogens. This positive charge essentially makes them more acidic. In proximity
to the NCA monomer, the more acidic hydrogens impart a lower energy barrier for nucleophilic attack due
to the greater charge stabilization of the transition state leading to the tetrahedral intermediate. Thus, the
proposed mechanism agrees well with our dipole driven hypothesis for the large enhancement of the brush
polymerization of the linear polymerizaiton, but also can account for the rate enhancement of the α-helix
over the random coil form. In the coil form, these dipoles present, however, at a degree much less than in the
α-helix. Moreover, the precise geometry at the helix terminus is not present in the random coil form which
may also contribute to the stark difference in rates.
The appearance of a potential hydrogen bond between the anhydride oxygen of the NCA and the amide
at the n − 2 position of the α-helix is also expected to lower the transition state energy of the nucleophilic
addition of the amine. This interaction may additionally enhance the collapse of the tetrahedral interme-
diate leading to the de-carboxylation, as the formation of a negative charge on the newly formed carboxy-
late has stabilizing interactions with the entire hydrogen bonding network of the α-helix. In this way, the
de-carboxylation may also possess a lower activation barrier than in the propagation of the random coil.
Together, all of these interactions which can only occur within the environment at the α-helix terminus, lead
to the drastic rate enhancement seen in the transition of the random coil to the α-helix, but also account
for the rate difference in the linear and the brush polymerization. In principle, this system is one of the
simplest enzymes, catalyzing the decomposition of NCA through interactions which are ubiquitously found
throughout more complex enzymes in nature. Unique to this mechanism, however, is that the reaction takes
place in the absence of any specific side-chain groups of the amino acids. Instead, this reaction takes place
at the terminus of the helix using electrostatic interactions. The non-polar environment in which the poly-
merization is carried out in allows for these interactions. This strategy, again, has been utilized already by
nature through the use of a hydrophobic core which reactions often take place. This enhances the ability of
polar groups to interact by eliminating competing polar interactions. In proteins, the competing molecules
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Figure 3.7 Polymerization of L (BLG-NCA), D (BDG-NCA), and DL (BDLG-NCA) isomers of γ-benzyl-glutamate
NCA initiated by PNB100. While both the L and D monomer transition into an α-helix, the DL monomer propagates
as a random coil for the entire duration of the polymerization resulting in the lack of a second stage.
is water. In the NCA polymerization, it is likely that the DMF molecule which contains a polar amide may
compete with the NCA at the binding site of the α-helix, leading to rates of polymerization in the linear and
brush case which become indistinct from one another (Figure 3.2b).
Our proposed mechanism also appears to bear an interesting resemblance to the Julia´-Colonna epoxida-
tion of chalcone which also involves binding of substrate to the amide groups of an α-helix N-terminus.31,32
Furthermore, electrostatically induced catalysis has been reported on reactions of small molecules via the
use of external electric fields,33 however, this macromolecular system provides an unprecedented opportu-
nity to examine how these effects can be implemented using tertiary structure of macromolecules.
To further test our assertion, we sought to perturb several important elements required for this polymer-
ization phenomenon. The most important element we aimed to eliminate or diminish was the macrodipole
of the α-helix. The macrodipole is carried along the backbone hydrogen bonding network and it follows
that breaking this network should reduce the polymerization rate since individual amide dipoles within an
unstructured random chain do not couple as efficiently. In addition, breaking the architecture of the α-
helix destroys the organized configuration at the growing chain end. Strong helix breaking solvents such as
dichloroacetic acid or trifluoroacetic acid are not compatible with the polymerization itself, however, poly-
merization of the racemic DL monomer prevents formation of the α-helix. While the D and L monomers
of γ-benzyl-glutamate NCA individually show comparable polymerization rates, (Figure 3.7), a 1:1 mix-
ture of the two monomers resulted in a diminished rate of polymerization and the disappearance of the two
stage propagation pattern, instead resulting in an apparent first order decay. The single propagation rate of
the DL monomer is due to the lack of any change in secondary structure, instead propagating as a random
coil for the entire duration of the polymerization. The decreased propagation rate, however, is likely due to
both changes in the secondary and tertiary structure of the polypeptide. As indicated before, the decreased
dipole moment of the random coil polypeptide results in a diminished polymerization rate for a single iso-
lated polypeptide chain. When the effects of the tertiary (or macromolecular) structure of the brush are
considered where polymer chains are in close proximity, the decreased dipole of the random coils results
in a reduced interchain interaction strength between neighboring polypeptides compared to the α-helical
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Figure 3.8 a-c. Conversion of BLG-NCA (a), ELG-NCA (b), or EG2-L-Lys-NCA (c) over time for both brush (red)
and linear polymerizations (blue). The linear polymerizations were initiated with NB and the brush polymerizations
with PNB100. [M]0 = 0.05 M; [I]0 = 1.0 mM.
brush system. This latter effect is more clearly demonstrated when considering the faster propagation rate
exhibited by the brush polymerization of the DL monomer over the linear polymerization of the L monomer.
Other important elements of the polymerization were also assessed. An additional question we sought
to answer was whether the side-chains of the NCA monomers affect the polymerization rate. For BLG-
NCA (Figure 3.8a), a clear distinction between the rate of the linear and brush polymerizations can be seen.
Other NCA monomers of high purity whose products form α-helices, such as γ-ethyl-L-glutamate NCA
(ELG-NCA), also showed two propagation rates and retained the enhanced polymerization rate in the brush
system (Figure 3.8b). Ethylene glycol substituted L-lysine NCA (EG2-Lys-NCA)34 which is more difficult
to purify, also had enhanced propagation rates over the linear counterparts, albeit, both rates were slightly
slower (Figure 3.8c). This suggests that the side-chain functional groups of the NCA monomers has little
effect on the overall rate of polymerization suggesting that the rate enhancement phenomenon must come
from the polypeptide backbone itself, thus agreeing very well with our hypothesis. Additionally, we were
curious whether the two stage rate behavior would be eliminated through the addition of a “seed”, in this
case, a preformed helix. With a nucleus in place from which the polypeptides can polymerize from, using
a previously formed brush polymer as an initiator is expected to eliminate the first stage of polymeriza-
tion. As a test of this concept, we first confirmed that additional monomer added to the previously existing
polymer chain, and did not spontaneously form new polymer chains. Indeed, when the polymerization was
initiated with PNB100-g-PBLG50, we observed complete addition of BLG-NCA to the pre-existing brush
polymer which maintained a low PDI and accurate MW (Figure 3.9a). The consumption of monomer also
proceeded immediately, devoid of the slow nucleation stage ruling out a mechanism of the general autocat-
alytic type and supporting a mechanism consisting of one nucleation phase. Together, this data confirms
that the rate enhancement in the second stage of the polymerization is due to the conformational change of
the polypeptide into an α-helix.
This being the case, there are several intriguing questions we then posed. What happens when the
helix handedness is changed spontaneously? To answer this question, D monomer was added to the already
formed PNB100-g-PBLG50 brush polymer (Figure 3.9b). Compared to the trace in Figure 3.9a showing the
addition of L monomer, the D monomer has a short lag period at the onset of the polymerization before
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Figure 3.9 a. Normalized GPC-LS traces of PNB100-g-PBLG50 before (black) and after (red) the addition of an
additional 50 equiv of BLG-NCA to the reaction solution revealing complete addition of monomer to growing polymer
chains (top). The kinetics of BLG-NCA polymerization initiated by PNB100 (black) or PNB100-g-PBLG50 (red). The
lack of primary nucleation stage for PNB100-g-PBLG50 suggests continuation of the helical propagation stage. b.
Polymerization of either D (red) or DL (blue) monomer of γ-benzyl glutamate NCA utilizing PNB100-g-PBLG50 as an
initiator. The lag observed for the D monomer polymerizing from the L helix suggests that the helix must turn from
a right-handed to left-handed helix in order to propagate. This barrier causes the slight lag. c. Relationship between
polymerization rate and dielectric constant. Polymerization kinetics of BLG-NCA are shown in chloroform (black),
DCM (red), and 1,2-dichloroethane (blue). d. Polymerization of BLG-NCA in CHCl3/methylcyclohexane (MCH; 
= 2.02) at 75/25 (v/v). Note that the plot contains a significant error due to the rapid nature of the polymerization and
limitations in measuring data points before t = 3 min. The plot here assumes 0% conversion at the first data point,
however, the first stage (k1) appears to be nearly complete by this time point. All polymerizations were performed in
DCM with NCA at a concentration of 50 mM and PNB100 at a concentration of 1.0 mM unless otherwise specified.
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resuming a rate constant similar to that of the L monomer. This experiment indicates several nuances of
the polymerization, the first of which is that the enantiomeric monomer inhibits the polymerization. During
the initial phase of the polymerization of D monomer onto the L helix, the polymerization is slow. Once
several D monomers have added to the helix, however, the polymerization resumes its propagation, forming
the left-handed D helix. This also indicates another participating factor in why the polymerization of the
DL racemic monomer is slower than either enantiopure monomer. When the DL monomer is added to a
preformed helix, the kinetic trace is identical to that initiated from a traditional initiator such as PNB100
(Figure 3.9a and Figure 3.9b).
The polymerization was also sensitive to changes in the dielectric constant of the media, which is an-
ticipated for electrostatic involvement. Carrying out the polymerization in various chlorinated solvents, we
found that in those having a lower dielectric constant, such as chloroform ( = 4.81), the polymerization was
most rapid, whereas in 1,2-dichloroethane ( = 10.56) the polymerization was slowest (Figure 3.9c). When
methylcyclohexane ( = 2.02) was added to the polymerization, further rate enhancement was observed (Fig-
ure 3.9d). In this case, the rate enhancement was so profound that much of the initial stage was complete
prior to beginning the measurement. In all these solvents, however, it should be noted that the polymer
appeared to maintain solubility for the entire duration of the polymerization. The polymers eventually do
undergo a type of syneresis, in which the polymers form a gel like phase which separates from the solvent.
The trend in the kinetics of this process seems to vary indirectly with the dielectric constant. That is to say
that a higher dielectric constant results in a lower rate constant for the syneresis process.
We were also cautious, however, to consider other possibilities to explain this phenomenon. Two al-
ternative possibilities were initially attractive, however, it is worthwhile to present evidence that does not
support them at this time. An initial consideration was given to the possibility that the polypeptide side-
chains may crystallize being in such close proximity along the PNB scaffold. While the polypeptides do
remain in solution and are completely soluble during the entire duration of the polymerization, no scattering
is observed absolving the possibility of macroscopic aggregation. However, within a single brush polymer, it
is conceivable that the polypeptide side-chains interact and crystallize. The energy of crystallization would
then affect the rate by lowering the transition state energy of monomer addition in the monomer “fits” into
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Figure 3.10 Kinetics of BLG-NCA, ELG-NCA, and a 1:1 mixture of BLG-NCA and ELG-NCA in DCM. [M]0 =
0.05 M, [I]0 = 1.0 mM.
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the lattice site at the helix end. While not as plausible, we conducted a copolymerization of BLG-NCA and
ELG-NCA which would be expected to reduce the side-chain interactions of helices since the side-chains
differ. From Figure 3.10 it is evident that when the polymerization is carried out with a single monomer
or with a mixture of monomers, the rate is unchanged. This suggests that the packing of helices along
the backbone it not responsible for the observed kinetic enhancement. Additionally, it supports the limited
involvement of the polypeptide side-chains as shown in Figure 3.8.
An additional hypothesis we considered was the possibility that the brush polymer system “concen-
trates” the monomer in its local vicinity. Essentially, it is possible that the polypeptide induces a higher
local concentration of monomer which causes the rate enhancement. While this hypothesis does not ade-
quately address the appearance of two-stage kinetic behavior, nor does it address why the lag phase of the
polymerization is faster in the brush polymer system than in the linear, we nonetheless sought to provide
further evidence to exclude it. One such experiment we envisioned was to use a local probe of monomer
concentration to determine any macroscopic changes in the system. While it should be forewarned that
our devised experiment does not exclude the possibility that a small fraction of monomer exists in a higher
concentration near the brush polymer, it does renounce the idea that the monomer is macroscopically ag-
gregated in the system due to the PNB scaffold. The experiment devised utilizes the fact that the NCA
Figure 3.11 1H NMR of BLG-NCA conducted in DCM monitored over time from 0 min (bottom) to 45 min (top).
The amide peak is located at δ 6.4 ppm.
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monomer undergoes a dimerization reaction in non-polar solvents. We estimated the equilibrium constant
of this dimerization in CDCl3 to be 11.2 M-1 in the forward direction favoring the dimer in the standard
state based upon fitting the 1H NMR chemical shift of the amide hydrogen to a model dimer equilibrium.
Utilizing this equation, we can determine if a relatively large fraction of the monomer exists at a higher
concentration by observing the change in chemical shift of the amidic hydrogen. Observing the chemical
shift of the amide over the course of the polymerization (Figure 3.11) it can be seen that the chemical shift
remains constant at δ 6.44 ppm during the initial stage of the polymerization, signifying little change in the
equilibrium. Once the faster stage of the polymerization is reached, the monomer is rapidly depleted and
the chemical shift of the amide accordingly shifts further upfield towards monomeric NCA before finally
dissapearing altogether as it is consumed. This suggests that the increase in rate is not due to an increase
in local monomer concentration as this would increase the fraction of dimer. It does not, however, exclude
the possibility that a small fraction of monomer exists in a high concentration state near the polymer brush.
Even so, if this was the case, a reason as to why these polypeptide polymers exhibit this ability while other
brush polymers do not may still be adequately explained using the macrodipole argument.
One of the final aspects we wished to probe in the brush polymer system was the degree of control over
the actual architecture of the brush itself. We wished to arrange the α-helices either closer together or further
apart to assess the influence that proximity has on the kinetics. The control over the brush polymer scaffold
provided by ROMP (and discussed in Chapter 2; See Figure 2.16), allowed us to further probe the effect of
polymer chain proximity on the polymerization kinetics. Using these previously developed random copoly-
mers of NB with inactive spacer groups containing a phenyl moiety (Ph), for instance, we synthesized brush
polymers with a lower grafting density of α-helices (Figure 3.12a). By changing the feeding ratio between
the two monomers forming P(NBx-r-Phy) random copolymers, the average distance between initiation sites
along the scaffold could be tuned, allowing us to assess the effects of interhelical distance on the poly-
merization rate. When the polymerization of BLG-NCA was carried out with the P(NB50-r-Ph50) random
copolymer scaffold which possess a lower density of initiating groups, we again observed a two-stage poly-
merization, however, the polymerization activity was diminished compared to the polymerization carried
out with PNB100 (Figure 3.12b). The continued substitution of NB units for Ph units along the scaffold,
forming P(NB25-r-Ph75) and P(NB10-r-Ph90) copolymers, had the effect of decreasing the polymerization
rate even further. This revealed that at identical overall concentrations of initiating NB groups, the scaffolds
containing higher amounts of NB possessed a faster polymerization rate. That is to say that α-helices grown
closer together polymerized faster than those that were more isolated relative to one another. Interestingly,
the connectivity of the NB and Ph monomers of the scaffold can be synthetically rearranged into block do-
mains forming PNBx-r-PPhy block copolymers (Figure 3.12c). These scaffolds, which contain an identical
number of α-helices as the random copolymer scaffolds, differ only in that the α-helices have been artifi-
cially placed in close proximity to one another. For PNBx-r-PPhy scaffolds containing block domains of
25 NB units or greater, we observe polymerization activity that is identical to that exhibited by the PNB100
polymer scaffold (Figure 3.12d). The PNB10-r-PPh90 block copolymer however, possessed a slightly de-
creased polymerization rate in comparison to the block copolymer scaffolds with higher NB content. This
is expected since a limit will eventually be reached in which the continued decline in the block size of NB
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Figure 3.12 a. Random copolymer scaffolds composed of NB and Ph and the resulting brush polymers. Copolymers
with decreasing NB content result in scaffolds with increasing average distance between initiation sites. b. Conversion
of BLG-NCA over time initiated from random copolymers P(NBx-r-Phy) showing a decrease in polymerization rate
with increasing interhelical distance. The subscripts refer to the average DP. c. Block copolymer scaffolds composed of
NB and Ph and the resulting brush polymers. For these polymers, a decrease in NB content does not result in a change
in distance between initiators. d. Conversion of BLG-NCA over time initiated from block copolymers PNBx-b-PPhy
revealing identical rates for NB block sizes of 25, 50, and 100. The decreased rate of PNB10-b-PPh90 results from a
low number of resulting helices. The subscripts refer to the average DP. All polymerizations were conducted in DCM
at [M]0 = 50 mM and [I]0 = 1.0 mM. Error bars represent standard deviations from three independent measurements.
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Figure 3.13 Conversion of BLG-NCA after incubation with (NBx-r-Phy) random copolymer macroinitiators of vary-
ing composition and backbone length. The subscripts correspond to monomer composition where the sum of the
subscripts is the total DP of the copolymer. [NCA] = 0.05 M; [NHTMS] = 1.0 mM.
monomers results in α-helices that remain close in proximity, but few in number such that the cooperative
interactions begin to diminish. The extreme of this case resembles the linear polymer system, where dipole
coupling is weakest. Compared to the P(NB10-r-Ph90) random copolymer scaffolds however, the block
PNB10-b-PPh90 copolymer scaffolds of the same NB composition exhibit significantly greater polymeriza-
tion rates. These observations confirm the essential role of helical proximity in the rate enhancement of this
polymerization. In order to rule out concomitant changes of macromolecular size that occur with changes
in α-helical grafting density, several control experiments were conducted with copolymer scaffolds having
longer backbones (PNB200). The resulting macromolecules of precisely twice the MW but identical grafting
density showed polymerization activity that was indistinguishable from the shorter scaffolds, suggesting that
macromolecular size does not play a significant role in the polymerization (Figure 3.13).
The dependence of side-chain propagation rate on the brush grafting density reveals an intriguing coop-
erative behavior facilitated by neighboring helical polypeptides within the same macromolecule (i.e., effect
of tertiary structure). Indeed, this effect is rather unique compared to other brush polymer systems that show
a similar or often decreased rate of polymerization compared to the respective linear analogs.35,36 While
never before described in irreversible covalent polymerization, polymerizations of this type have been well-
studied and are widespread in supramolecular polymerization, where proteins or synthetic monomer units
are instead brought together through reversible and non-covalent interactions to form one-dimensional poly-
meric arrays. To better appreciate the eccentricities of these cooperative polymerizations, it is informative to
introduce a familiar class of polymerizations which are the isodesmic polymerizations (Figure 3.14a). In a
didactic example, consider monomer units that bond or assemble together by a manner which is reversible.
If this reversible polymer does not have any kinetic traps, the thermodynamic polymerization can be de-
scribed by a single equilibrium constant (K1). The higher K1 is, the more the monomers favor the polymeric
state and the larger the polymers also become. The equilibrium constant for any species that are able to
associate, in the isodesmic case, is always described by this single equilibrium constant. If a polymerization
obeys this, then it can be assumed that the length of the formed polymer has no positive or negative effect
on the ability of a chain end to add to another monomer or polymer. That is to say that the reactivity of
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Figure 3.14 a. Isodesmic model for an equilibrium polymerization governed by thermodynamics. The addition of
each successive monomer to the polymer chain for every stage of the polymerization is described by one equilibrium
constant K1. b. Cooperative model for an equilibrium polymerization governed by thermodynamics. The addition
of a monomer to the polymer chain is not described by a single equilibrium constant during the polymerization but
is instead described by two equilibrium constants. The transition between the two equilibrium constants occurs after
reaching a critical length (s) where secondary interactions can occur. c. Thermodynamics of isodesmic (red) and co-
operative (blue) polymerization revealing the unfavorable nucleation present in the cooperative polymerization which
must be overcome prior to favorable free energy decrease. d. Difference in fraction of polymer formed at various
monomer concentrations for the isodesmic (red) and cooperative (blue) cases revealing the higher responsiveness of
the cooperative case. K = 10 for the isodesmic case; K1 = 10 and K2 = 1000 for the cooperative case.
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the group undergoing bonding is not affected by the length of the polymer chain. On the other hand, in the
cooperative case first presented by Oosawa,37 the growth mechanism for a polymerization consists of two
phases: first, the monomers slowly segregate into a linear chain, which, upon reaching a critical length (the
nucleus) the linear chain can rearrange causing an increased affinity for monomer (Figure 3.14b). In the
polymerization of actin and tubulin, the linear chain rearranges to form a helix which is caused by favorable
secondary interactions. During the helical growth stage, chain growth becomes more favorable due to addi-
tional secondary interactions between the incoming monomer and the polymer chain. Herein, we adapt this
cooperative growth mechanism to a kinetic analysis to analyze the polymerization of helical polypeptides
in the brush polymers, by treating the addition of monomer as an irreversible process (Figure 3.15). Con-
sider the simplest model possible for this cooperative covalent polymerization under which the only allowed
reactions are initiation (Equation 3.1) and the stepwise addition of monomer, [M], onto the active chains
(Equation 3.2 and Equation 3.3). There exists a unique chain length, s, after which the propagation constant
changes due to folding of the coil into an α-helix. We denote an active polymer of degree of polymerization
i by M∗i , and its concentration by [M
∗
i ], where
∗ represents the reactive end. The initial concentration of
monomer and initiator are represented by [M]0 and [I]0, respectively. The kinetic constants for initiation (ki)
and the two successive growth stages (k1 and k2) are then defined by:
I +M
ki−→M∗1 (3.1)
M∗i +M
k1−→M∗i+1 1 ≤ i < s (3.2)
M∗i +M
k2−→M∗i+1 i ≥ s (3.3)
For clarity, the production of CO2 is ignored in the reaction scheme. Spectroscopic studies on the brush
polymerization as well as other NCA polymerizations reveal a fast initiation event relative to propagation
(ki k1 and we accordingly assume [M∗1 ] = [I]0, [M] = [M]0 - [I]0, at the time of the first data points (t = 3
min). It is straightforward, then, to write the kinetic equations corresponding to the scheme above, and find
numerical solutions to them (Equation 3.4–Equation 3.8):
Cooperative Polymerization
Irreversible Kinetic Model
kinit
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k1
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i  s
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Figure 3.15 Irreversible kinetic model proposed for the polymerization of NCA monomers in chlorinated solvents
where hydrogen bonding interactions occur. After initiation of the polymerization, the rate in the random coil state is
described by rate constant k1. After reaching a critical DP (s), the polymer folds into an α-helix and its propagation is
described by a new rate constant k2.
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∂[M ]
∂t
= −k1[M ]
s−1∑
i=1
[M∗i ]− k2[M ]
∞∑
i=s
[M∗i ] (3.4)
∂[M∗1 ]
∂t
= −k1[M ][M∗1 ] i = 1 (3.5)
∂[M∗i ]
∂t
= k1[M ]
(
[M∗i−1]− [M∗i ]
)
1 <i < s (3.6)
∂[M∗i ]
∂t
= k1[M ][M
∗
i−1]− k2[M ][M∗i ] i = s (3.7)
∂[M∗i ]
∂t
= k2[M ]
(
[M∗i−1]− [M∗i ]
)
i > s (3.8)
In analogy to the cooperativity factor in supramolecular polymerization, we can define the dimensionless
ratio σ = k1/k2 where a small value of σ ( 1) implies a highly cooperative reaction, and σ = 1 implies no
cooperativity. The cooperative covalent polymerization is thus intrinsically controlled by two dimensionless
parameters, the critical chain length, s, and the cooperativity, σ. Transformation of Equations 3.4–3.8 into
dimensionless parameters more clearly shows this relationship (Equations 3.9–3.14). Solving the differen-
tial equations numerically for different s, σ, and initial monomer-to-initiator ratios ([M]0/[I]0) yields the
various kinetic curves shown in Figure 3.16, where the fraction of remaining monomer is plotted against
dimensionless time τ = tk1M0 . The model is able to correctly account for and describe the course of
monomer consumption over time as observed in the experimental data, and the shape of the curve is heavily
influenced by s, σ, and [M]0/[I]0 ratio, as expected.
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Figure 3.16 a-c. Plots of the fraction of monomer versus rescaled time (τ = tk1[M ]0) for test cases with s = 10,
[M]0/[I]0 = 100 at selected values of σ (a), s = 10, σ = 10-3, at selected values of [M]0/[I]0 (b), and [M]0/[I]0 = 100,
σ = 10-3, at selected values of s (c). Fraction of monomer was calculated using the numerical solutions of Equations
3.4–3.8.
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∂m
∂τ
= −m
(
s−1∑
i=1
m∗i + σ
−1f
)
(3.9)
∂m∗1
∂τ
= −mm∗1 i = 1 (3.10)
∂m∗i
∂τ
= m
(
m∗i−1 −m∗i
)
1 <i < s (3.11)
∂m∗s
∂τ
= m
(
m∗s−1 − σ−1m∗s
)
i = s (3.12)
∂m∗i
∂τ
= σ−1m
(
m∗i−1 −m∗i
)
i > s (3.13)
∂f
∂τ
= mm∗s−1 (3.14)
This cooperative covalent model was then applied to the data generated from the random copolymer
scaffolds that showed a wide range of rates and cooperativity due to variation of the helical distances (Fig-
ure 3.17a and Figure 3.17b). The optimized fits for this data shown in demonstrate that the model is able to
describe the data from the experiments in excellent agreement. The critical chain length s was determined
to be 10 ± 2 for all four samples, again, in agreement with the predicted length at which α-helices become
stable. The rate constant, k1, for the four reactions did not appear to vary significantly, increasing only
slightly with increasing grafting density. This indicates that prior to the formation of α-helices, the cou-
pling of amide dipoles contained within short, coil-like polypeptides has limited impact on the reaction. In
contrast, the density of helices strongly affects k2. Comparing P(NB10-r-Ph90) and P(NB50-r-Ph50) random
copolymers, for example, reveals rate constants that increase over three orders of magnitude from 1.2 M-1
s-1 to 1.26 × 103 M-1 s-1, respectively. The result shows that a strong cooperative behavior can be induced
upon the formation of helical macrodipoles in the proximity to the active polymerization site. The model
was further tested by changing the [M]0/[I]0 feeding ratios, keeping the NB content of the backbone fixed
at 100% (Figure 3.17c and Figure 3.17d). With [M]0 constant at 50 mM, [I]0 was systematically decreased
resulting in the kinetic traces shown in. As expected, s obtained from the model fitting remained to be 10
± 2 for the four conditions. The rate constant k1 increased only slightly at higher [M]0/[I]0 ratios, while k2,
interestingly, decreased. While inhibitory effects from generated CO2 are possible for this observation and
cannot be ruled out conclusively, the diminishing rate constant may instead suggest attenuation of the effect
of the macrodipole when the helical chains grow longer and obtain greater conformational freedom. Thus,
a more sophisticated model should take into account the possible variation of microscopic rate constants in
the second stage of propagation.
The system presented here is a remarkable example of a polymerization whose rate is governed by
the three dimensional structure of the resulting polymer, which is in turn dictated by the structure of the
initiator. The present system is able to generally mimic the key features of centromeres, albeit, by a unique
mechanism in which the cooperative electrostatic interactions between growing helices enhances the rate
of polymerization. We expect interactions of this kind to contribute to future developments in polymer
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Figure 3.17 a. Kinetic data (circles) obtained from the polymerization of BLG-NCA with PNBx-r-PPhy random
copolymer macroinitiators of varying NB content (mol%) is fit with the two-stage kinetic model (solid lines) at s =
10, [M]0 = 50 mM, and [I]0 = 1.0 mM. b. Extracted rate constants for the primary nucleation stage (k1) and the second
elongation stage (k2) from (a), and calculated σ-1 all support a higher cooperativity for higher helix grafting density.
The changes in cooperativity largely arise from changes in k2, the rate of helical propagation. c. Kinetic data (circles)
obtained from the polymerization of BLG-NCA with PNB100 various [M]0/[I]0 ratios is fit with the two-stage kinetic
model (solid lines) at s = 10 and [M]0 = 50 mM. d. Extracted rate constants for the primary nucleation stage (k1)
and the second elongation stage (k2) from (c), and calculated σ-1. The results show a decrease in cooperativity with
increasing DP, possibly due to the additional conformational freedom of longer chains. Changes in cooperativity are
largely due to changes in k2. Error bars represent standard deviations from three independent measurements.
77
and supramolecular chemistry, as well as to our understanding of the cytoskeleton, protein function, and
catalysis.
3.3 Materials and Methods
General Experimental Considerations
All reagents and solvents were purchased from Sigma-Aldrich and used as received unless otherwise spec-
ified. γ-Benzyl-L-glutamic acid, was purchased from Chem-Impex. All polymerizations were mixed in an
MBraun glovebox under argon. Dichloromethane (DCM) was prepared by refluxing over CaH2 for 24 h,
distilling, and purging with N2 gas for 15 minutes. Dry hexanes and THF were prepared by passing nitrogen
purged solvents through activated alumina columns. All dry solvents were stored over 4 A˚ sieves in the
glovebox. All vials used to handle trimethylsilyl (TMS) protected amines were silanzed by allowing vials
to sit over vapor of chlorotrimethylsilane for 4 h in a desiccator under static vacuum. Vials were rinsed
with deionized water, dried at 100 ◦C, and stored in the glovebox. All polymerizations were performed with
the same batch of NCA monomer. γ-Benzyl-D-glutamate NCA (BDG-NCA) was prepared analogously to
BLG-NCA in Chapter 2.
Instrumentation
Nuclear magnetic resonance (NMR) spectra were recorded on a Varian U400, VXR500, or U500 NMR
spectrometer. Chemical shifts are referenced to residual protons in the deuterated NMR solvents. MestReN-
ova 8.1.1 was used to analyze all spectra. Gel Permeation Chromatography (GPC) was performed on a
system equipped with a Model 1200 isocratic pump (Agilent Technology) in series with a 717 Autosampler
(Waters) and size exclusion columns (102 A˚, 103 A˚, 104 A˚, 105 A˚, 106 A˚ Phenogel columns, 5 µm, 300 ×
7.8 mm, Phenomenex) which were maintained at a temperature of 60 ◦C. A DAWN HELEOS (Wyatt Tech-
nology) multiangle laser light scattering (MALLS) operating at a wavelength of 658 nm and an Optilab rEX
refractive index detector (Wyatt Technology) operating at a wavelength of 658 nm were used as detectors.
The mobile phase consisted of N,N-dimethylformamide (DMF) containing 0.1M LiBr at a flow rate of 1 mL
min-1. Samples were filtered through a 0.45 µm PTFE filter before analysis. Absolute molecular weights of
polymers were determined using ASTRA 6.1.1.17 software (Wyatt Technology) and calculated from dn/dc
values assuming 100% mass recovery. Circular Dichroism (CD) spectroscopy was conducted on a JASCO
J-815 spectrometer in a quartz cell with a path length of 0.1 cm. Fourier Transform Infrared Spectroscopy
(FT-IR) was performed on a Perkin Elmer Spectrum 100. Polymerization kinetics were monitored by FT-IR
using a permanently sealed KBr cell (0.1mm; SL-3 International Crystal Laboratories) which was sealed
tightly with teflon stoppers. The disappearance of NCA monomer was followed at either 1865 cm-1 or at
1793 cm-1. Kinetics monitored by 1H NMR were performed in heavy walled quick pressure NMR tube
(Wilmad Labglass). One transient was measured every minute.
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Kinetic Modeling
Experimental data was fit to the two-stage polymerization model by iteratively solving the differential equa-
tions at a given set of initial polymerization conditions using Matlab 2016b (Mathworks) ([M]0 and [I]0) for
various k1, k2, and s. The parameters which returned the minimum sum of squares of the residuals were
selected.
Synthetic Procedures
γ-Ethyl-L-Glutamate N-Carboxyanhydride: (ELG-NCA)
NH2
O
O
O
OH
HN
O
O
O
O
O
Phosgene, THF
50 °C
To an oven dried 250 mL round bottom
flask was added γ-Ethyl-L-glutamic acid
(6.0 g, 34.3 mmol), which was dried un-
der high vacuum with stirring for 2 h. The
flask was filled with nitrogen and 110 mL
of dry THF was added to create a suspension. The flask was cooled on ice, then phosgene (15 wt% in
toluene, 29.8 mL, 41.8 mmol) was added in one portion. The flask was then placed into a pre-warmed oil
bath at 50 ◦C, heated for 2 h under nitrogen. The now clear, slightly yellow solution was cooled, evapo-
rated, and transferred to a glovebox. The residue was dissolved in ca. 25 mL dry THF and recrystallized by
layering 5-10 volumes of dry hexanes, and allowing to stand for 48 h. After the first recrystallization, the
residue was dissolved in 25 mL THF, and filtered through a pad of dry celite to remove insoluble material.
The resulting clear amber solution was then recrystallized twice more to yield long tan prisms solid (4.2 g,
61%). Monomer of exceptional quality for kinetic experiments was prepared by washing with DCM, then
finally, dissolving in DCM and filtering through a pad of celite.
1H NMR (500 MHz, CDCl3): δ 6.83 (s, 1H), 4.42 (t, J = 6.1 Hz, 1H), 4.15 (dq, J = 7.1, 1.2 Hz, 2H), 2.54
(t, J = 7.2 Hz, 2H), 2.30–2.23 (m, 1H), 2.15–2.08 (m, 1H), 1.26 (td, J = 7.2, 1.2 Hz, 3H). 13C NMR (125
MHz, CDCl3): δ 172.8, 169.6, 152.2, 61.5, 57.1, 29.9, 27.0, 14.2. HRMS (ESI-TOF) m/z: [M + H]+ Calcd
for C8H12NO5 202.0715; Found 202.0717.
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Chapter 4
Polypeptide Materials for Drug Delivery
4.1 Introduction
Polymer architecture plays an important role in the behavior of a polymer system utilized for drug deliv-
ery applications.1–4 Due to modern advances in polymer chemistry, architectures ranging from dendrimers,5
star,6 and brush polymers7 have been synthesized with controlled shape and size for applications in the field
of nanomedicine.8 The use of molecular brush polymers in particular, is advantageous due to the range of
properties that can be tuned, including the side-chain and backbone composition, the grafting density, and
the backbone and side-chain length. The broad range of properties that can be tuned allows the polymer
architecture to be precisely controlled.9–14 Collectively, these properties determine the shape and size of the
polymer and are heavily dependent on the chemistry utilized to construct the polymer. The introduction
of ring-opening metathesis polymerization (ROMP)15 and controlled radical polymerization (CRP)16 have
greatly improved the degree of control over the final brush polymer and has allowed for new delivery sys-
tems that can be tailor made to a specified shape.2,17–20 Furthermore, this chemistry has extended the range
of molecular weights (MWs) and thus sizes that can be achieved. Using currently available techniques,
the sizes of molecular brush polymers can reach up to the scale of colloids (several 100 nm). Being con-
structed entirely of covalent bonds, these drug carriers act essentially as unimolecular micelles, which is
advantageous as they do no disassemble upon dilution.
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In developing new nanomedicine from the bottom-up, however, the synthesis of brush polymers of
controlled size and shape still remains challenging. This is due to the limited number of compatible poly-
merization methods available from which to construct these polymers. As mentioned above, ROMP and
CRP have proven powerful methods for constructing the polymer backbones utilizing the grafting from,
grafting through, and grafting to methods. Most current polymer brushes for drug delivery, however, rely
on poly(ethylene glycol) as the main constituent. Grafting through has been widely utilized to access these
polymers and thus the length of the polymer side-chains is limited due to the decreased polymerization ef-
ficiency at longer macromonomer lengths. Additionally, poly(ethylene glycol) based brush polymers lack
the functional handles necessary to attach drugs or other targeting ligands at high loadings. Brush poly-
mers composed of other polymers remain rare as do the controlled methods necessary to synthesize them.
Poly(L-glutamic acid) (PGA) is one material that has been recently explored as a material for drug delivery
systems and is advantageous due to the biocompatibility, biodegradability, and carboxylic acid functional
sites.21–23 The synthesis of PGA based brush polymers of well-defined architecture and molecular weight,
however, has not yet been achieved.
Here, we report the controlled synthesis of brush polymers composed of PGA utilizing a simple one-pot
procedure. Our strategy utilizes the controlled ring-opening polymerization (ROP) of γ-benzyl-L-glutamate
N-carboxyanhydride (BLG-NCA) from a poly(norbornene) (PNB) based macroinitiator, resulting in poly(γ-
benzyl-L glutamate) (PBLG) based brush polymers. Subsequent treatment with trimethylsilyliodide (TMSI)
at room temperature resulted in complete removal of the benzyl groups, providing PGA based brush poly-
mers with controlled molecular weight values and low PDI. We subsequently demonstrated the ability to
attach a model drug, camptothecin (CPT) to the brush polymers in high loading, leading to polymer carriers
that showed cytotoxicity toward cancer cells in vitro.
4.2 Synthesis and Characterization of Polymers
In order to create PGA based brush polymers that possess varied sizes (or molecular weights) and shapes,
we adopted our previously reported method for the synthesis of poly(γ-benzyl-L-glutamate) (PBLG) based
brush polymers (Figure 4.1).24 Compared to other routes utilized to access polypeptide based brush poly-
mers,25–28 our method is advantageous for several reasons. First, the synthesis is extremely rapid. In pro-
ceeding from the synthesis of the polymer backbone through the final polymerization of the PBLG grafts,
less than two hours are required. Second, the synthesis is conducted in dichloromethane, for not only the
synthesis of the backbone and side-chain grafts, but also for the deprotection of the benzyl groups. This
allows all the reactions to be performed in one pot with no intermediate purification. Last, the methodology
we have developed allows us to synthesize brush polymers with ultra-high molecular weights, providing us
access to PGA brush polymers of a wide range of sizes and shapes.
We elected to synthesize brush polymers with a range of dimensions to assess what factors might affect
the deprotection chemistry, and also to probe what sizes of PGA based brush polymers we could obtain.
We began by synthesizing the PNB backbone at [M]0/[I]0 ratios ranging from 50 to 200. This was achieved
by polymerizing NB in DCM utilizing Grubbs 3rd generation catalyst (G3). The reaction (which has been
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described previously24) proceeds rapidly and results in polymers of well-controlled molecular weight (MW)
and polydispersity index (PDI) values. Following the synthesis of the PNB backbone, the macroinitiator
solutions were directly utilized to initiate the polymerization of BLG-NCA All of the polymerizations were
conducted at relatively low NCA concentration ([M]0 = 0.10 M) to avoid the creation of an overly viscous
solution. Even at these relatively low monomer concentrations, the reaction proceeds rapidly, completing in
under 1 h with monomer conversion > 99%. As expected, the resulting brush polymers possessed accurate
MW values and extremely low PDI values, all of which fell below 1.05 (Table 4.1). The polymer possessing
the largest MW value was PNB100-g-PBLG200 at 4.9 MDa with a polydispersity index (PDI) of 1.02. The
GPC traces (Figure 4.2a) show monomodal traces that elute earlier with increasing molecular weights. This
demonstrates that all of the NCA monomer is initiated from and added to the PNB macroinitiator, ruling out
spontaneous initiation and polymerization of NCA that would result in linear polymer.
With the PNB-g-PBLG brush polymers in hand, we next determined a viable method to remove the
benzyl protecting groups and release the water soluble PNB-g-PGA brush polymers. Previous reports have
demonstrated that the most traditionally utilized method of HBr in TFA results in chain cleavage of varying
degrees depending on the exact conditions used.29,30 Additionally, basic hydrolysis is often accompanied by
racemization of the α-carbons along the peptide backbones.21 A mild method utilizing trimethylsilyl iodide
(TMSI) appeared to use to be the most likely for success, as little cleavage has been reported.30,31 We found
that reaction of PNB-g-PBLG at room temperature for 24 h was sufficient to provide complete cleavage of
the benzyl protecting groups and minimal to no cleavage of the PNB backbone or polypeptide side-chains.
First, SEC analysis of the resulting PNB-g-PGA polymers in water utilizing UV, multi-angle laser light
scattering (MALLS), and refractive index detectors revealed polymers with monomodal peaks that trended
towards lower elution volumes with higher MWs (Figure 4.2b). This suggests that both backbone and side-
chain cleavage is minimal. For PNB50-g-PGA200 (which possesses an actual side-chain length of 630 due
Figure 4.1 Synthetic route to PNBn-g-PGAm polymers. Ring-opening metathesis polymerization (ROMP) of NB
followed by ring-opening polymerization (ROP) of N-carboxyanhydrides and subsequent deprotection of benzyl
groups using trimethylsilyliodide (TMSI).
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Figure 4.2 a. GPC-LS traces of PNB-g-PBLG brush polymers. b. SEC traces of PNB-g-PGA brush polymers after
deprotection of the benzyl groups.
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Figure 4.3 a. AFM height image of PNB50-g-PGA50 after spin coating onto mica from 1.0 mM MgCl2 solution. b.
Height profile of PNB50-g-PGA50. c. Histogram of PNB50-g-PGA50 polymer lengths (n = 104).
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Table 4.1 Characteristics PNB-g-PBLG Brush Polymers
Polymer Mn (Mn*) kDaa PDI (Mw/Mn)a
PNB50-g-PBLG25 366 (274) 1.05
PNB50-g-PBLG50 694 (548) 1.03
PNB100-g-PBLG50 1460 (1100) 1.03
PNB50-g-PBLG200 2470 (2200) 1.01
PNB200-g-PBLG50 3000 (2200) 1.04
PNB100-g-PBLG200 4860 (4400) 1.02
a Determined via gel permeation chromatography in DMF + 0.1M LiBr; Mn* = ex-
pected molecular weight
Table 4.2 Characteristics PNB-g-PGA Brush Polymers
Polymer Mn (Mn*) kDaa PDI (Mw/Mn)a
PNB50-g-PGA25 230 (220) 1.38
PNB50-g-PGA50 450 (410) 1.16
PNB100-g-PGA50 700 (860) 1.12
PNB50-g-PGA200 2020 (1460) 1.25
PNB200-g-PGA50 1920 (1770) 1.35
PNB100-g-PGA200 3620 (2860) 1.06
a Determined via size exclusion chromatography in H2O; Mn* = expected molecular
weight
to a grafting density of 30%), the determined MW (2.02 MDa) is close to the expected value of 1.46 MDa
suggesting no significant side-chain cleavage (Table 4.2). Furthermore, polymers having a long backbone
such as PNB200-g-PGA50 also lie close to the expected MW value of 1.77 MDa, having a MW of 1.92
MDa. For this polymer, however, a shoulder at longer retention times is noticed, suggesting that the PNB
backbone may be susceptible to cleavage by TMSI, as shorter backbone lengths of 100 and 50 did not show
this observation. The PDI values of the deprotected brush polymers are slightly higher than the PBLG based
precursors, yet remain relatively low. For instance, the polymer with the highest PDI value is PNB50-g-
PGA25 at 1.38. For the majority of the polymers synthesized, however, the PDI values fall between 1.1
and 1.3, again, suggesting a minimal degree of side reactions or cleavage during the deprotection reaction.
Thus, from the SEC data of the deprotected polymers, we have demonstrated the successful synthesis of
PGA based brush polymers with MW values up to 3.6 MDa.
Visualization using atomic force microscopy (AFM) was also conducted to confirm to size and shape
of the resulting PGA based brush polymers. Visualization of the PGA brush polymers was hindered due
to the tendency of the polymers to aggregate, especially for the polymers possessing longer backbones.
Additionally, due to poor adhesion of the polymers to HOPG or bare mica when spin cast from water,
MgCl2 was utilized to aid adhesion. Under optimized conditions, PNB50-g-PGA50 was observed to possess
a rod-like structure, in analogy to their benzyl protected precursors (Figure 4.3a).24 The polymers had an
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Figure 4.4 a. 1H NMR of PNB100-g-PGA50 brush polymer in D2O. b. UV-Vis spectrum of PNB100-g-PGA50 (red),
CPT-PGA (blue) and free CPT (dotted). c. Circular dichroism (CD) spectra of PNB100-g-PGA50 (black) and PGA90
in H2O, and PNB100-g-PGA50 in 1.0 mM MgCl2 (blue).
average length of 47 nm and a length polydispersity (Lw/Ln) of 1.30 (Figure 4.3c). The measured length is
higher than expected, as the PNB backbone in the fully extended conformation is expected to have a length
of ∼35 nm (∼0.7 nm/NB). From previous studies of PBLG brush polymers, the grafting density was found
to be ∼20% for PBLG side-chains of designed DP = 50, suggesting a contracted backbone conformation.24
Length measurements of these polymers by AFM supported this contention revealing backbone lengths that
were shorter than expected. The longer lengths and higher length dispersity values for the deprotected PGA
brush polymers are, instead, likely due a combination of effects stemming from geometric effects of the
AFM tips, charge repulsion of the carboxylic acid groups, and aggregation of the polymer brushes.
The AFM height data may also support the conformational transition of the α-helical side-chains of
PBLG into the random coil structure of PGA. PBLG based brush polymers with α-helical structure have
heights near∼3.0 nm which corresponds to the width of∼2 α-helices.24 After removal of the benzyl groups,
the Z-average height of the brushes was reduced to 0.8 ± 0.1 nm which is less than the width of an α-helix
(Figure 4.3b). It is important to note here, however, that circular dichroism (CD) measurements of the PGA
brush polymers in water reveal a random coil structure, whereas a structure with a low degree of helicity
(20%) is present in the presence of magnesium cations (Figure 4.4c).
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Figure 4.5 a. Conjugation scheme for attaching CPT-Gly to PNB100-g-PGA50 forming CPT-PGA. b. ζ-potential of
PNB100-g-PGA50 at various pH values.
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Figure 4.6 a. Release of CPT from CPT-PGA at pH = 7.4 and 5.5 over the course of 30 days. b. HPLC fluorescence
chromatograms of CPT, CPT-Gly, and released CPT from CPT-PGA, demonstrating free drug is released as native
CPT.
In order to confirm complete removal of the benzyl groups from the polymer side-chains, 1H NMR
analysis was conducted in D2O. The peaks typical of PGA were clearly evident at δ 4.29, 2.43, and 2.06
ppm, in a ratio of 1:2:2, respectively (Figure 4.4a). Notably, however, there were no aromatic signals in
the spectrum suggesting complete removal of the benzyl groups. UV-Vis analysis of the PGA based brush
polymers also suggested the absence of any benzyl groups, evidenced by the lack of absorbance near 252
nm (Figure 4.4b).
The ζ-potential of the brush polymers was also measured at basic, neutral, and acidic pH values. Under
mildly basic pH conditions (pH = 8.5), the ζ-potential of the polymers was measured at -51 mV, suggesting
a stable solution of polymer brushes (Figure 4.5b). As the pH was lowered to physiological conditions
(pH = 7.4) the ζ-potential decreased to -33 mV. Further decreasing the pH to 5.5 at which the polymers
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Figure 4.7 a,b. Titration of PGA90 (a) and PGA100-g-PGA50 (b) with HCl.
still maintained good solubility resulted in an additional decrease in the ζ-potential to -23 mV, suggesting a
decrease in colloidal stability. These values agree well with the measured pKa of the PGA brush polymer
which was measured to be 5.3 (Figure 4.7). This pKa value is slightly higher than the pKa of the linear
polymer which possessed a value of 4.9, likely due to the increased charge repulsion upon deprotonation in
the brush polymer architecture.
For biological applications, the control over the size and the excellent solubility and solution stability
of these materials suggests their advantageous use as a drug carrier. Indeed, linear PGA based drug carriers
have been successful already. With this goal in mind, we investigated the utility of the PGA based brush
polymers to solubilize, carry, and release the cytotoxic topoisomerase inhibitor camptothecin (CPT). Our
initial attempts to conjugate CPT directly to the side-chain carboxylate groups of PGA were unsuccessful,
likely due to the sterically hindered tertiary alcohol of CPT.22,32 Instead, modifying CPT with a glycine
linker on the 20-OH position resulted in a much more efficient conjugation reaction due to the decreased
steric hindrance at the drug site, and the nucleophilic amine of the glycine (Figure 4.5a). Under optimal
coupling conditions we were able to achieve up to 27 wt% loading of CPT onto the PGA brush polymers
(73% conjugation efficiency), while still maintaining excellent aqueous solubility. The new CPT-PGA based
brush polymers were confirmed by UV-Vis spectroscopy to possess an absorbance profile consistent with
intact CPT (Figure 4.4b). As the amount of drug added to the conjugation solution increased, however,
the conjugation efficiency decreased due to precipitation of the NHS ester of PGA. For future studies, we
decided to utilize the 27 wt% loaded brush polymers.
Release of the final drug from the PGA carrier is necessary for the drug to reach its target in the active
form. The kinetics of this release and the form of the released drug are crucial during this process. For
these reasons, we monitored the kinetics of release under both physiological pH (7.4) and acidic pH (5.5)
which is encountered in tumor tissues (Figure 4.6a). The release of drug from CPT-PGA occurred over the
course of month under these conditions, due to spontaneous ester hydrolysis. The release of drug under
neutral conditions occurred at a faster release rate, possessing a pseudo-first order rate constant of 1.18 ×
10-6 s-1. The release under acidic conditions occurred over 3× slower, at a rate of 3.32× 10-7 s-1. This trend
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Figure 4.8 a. MTT toxicity profiles of PNB100-g-PGA50 on LS174T, HeLa, and HEK cells. b. MTT viability assay
of CPT-PGA and CPT on HeLa cells. c. MTT viability assay of CPT-Gly and CPT on LS174T cells. Error bars
represent standard deviations of n = 5 independent replicates.
is consistent with previous data for CPT-Gly based drug conjugates.33 Additionally, the release of the free,
intact CPT drug was confirmed via HPLC analysis confirming that hydrolysis occurred only at the ester site
of the CPT-PGA conjugate (Figure 4.6b).
To confirm that these CPT-PGA drug conjugates are capable of killing tumor cells, we conducted cell
viability assays, comparing the PGA brush polymer carrier alone, CPT-PGA, and free CPT (Figure 4.8).
The MTT viability assay of the PGA brushes alone confirmed low cytotoxicity at values as high as 1 mg
mL-1 for HeLa, LS174T, and HEK cell lines. When the HeLa and LS174T cancer cell lines were tested
against the CPT-PGA based carriers, a dose dependent response was observed that followed the trend of free
CPT itself. For LS174T cells, the CPT-PGA had an IC50 of 560 nM, with CPT having an IC50 of 30 nM. In
HeLa cells, these values are 85 nM and 20 nM for CPT-PGA and CPT, respectively.
In conclusion we have shown that utilizing the controlled polymerization chemistry performed in chlo-
rinated solvents, we are able to synthesize large MW PBLG based brush polymers and deprotect them
completely forming PGA based brush polymers, with MW values up to 3.6 MDa. These polymerization
chemistry affords polymers with PDI values typically between 1.2 and 1.3. We then demonstrated the abil-
ity of these large MW polymers to act as drug carriers for CPT efficiently solubilizing and releasing the
drug in its native form. The PGA brush polymers themselves are non-toxic to cells, yet the CPT-PGA brush
polymers show cytotoxicity, demonstrating the potential of these carriers for applications in drug delivery.
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4.3 Materials and Methods
General Experimental Considerations
All solvents and reagents were purchased from Sigma Aldrich and used as received unless otherwise spec-
ified. Anhydrous solvents were prepared by passing nitrogen purged solvents through acti-vated alumina
columns, and were stored over molecular sieves in the glovebox. γ-Benzyl-L-glutamic acid was purchased
from Chem-Impex. All polymerizations were carried out under argon in an MBraun glovebox. All vials
used to handle trimethylsilyl (TMS) protected amines were silanzed by allowing vials to sit over vapor of
chlorotrimethylsilane for 4 h in a desiccator under static vacuum. Vials were rinsed with deionized water,
dried at 100 ◦C, and stored in the glovebox. Grubb’s 3rd generation catalyst (G3),34 N-trimethylsilyl-cis-
5-norbornene-endo-2,3-dicarboxylic anhydride (NB),24 γ-benzyl-L-glutamate N-carboxyanhydride (Glu-
NCA),24 and camptothecin-glycine-trifluoroacetic acid (CPT-Gly-TFA)35 were synthesized according to
previous procedures. All cell lines were obtained from ATCC and stored in a cryopreservation system
until needed. The cells were thawed and passaged according to procedures outlined by ATCC. Cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% Fetal Bovine Serum
(FBS), 1000 units mL-1 aqueous penicillin G, and 100 µg mL-1 streptomycin. 3-(4,5-dimethylthiazolyl-2)-
2,5-diphenyltetrazolium bromide (MTT reagent) was used as purchased from ATCC.
Instrumentation
Nuclear magnetic resonance (NMR) spectra were recorded on a Varian VXR500 or U500 spectrometer.
Chemical shifts are references to residual protons in the deuterated NMR solvents. MestReNova 8.1.1
was used to analyze all spectra. Gel permeation chromatography (GPC) of poly(γ-benzyl-L-glutamate)
(PBLG) was performed on a system equipped with a Model 1200 isocratic pump (Agilent Technologies)
in series with a 717 Autosampler (Waters) and size exclusion columns (102 A˚, 103 A˚, 104 A˚, 105 A˚, 106
A˚ Phenogel columns, 5 µm, 300 × 7.8 mm, Phenomenex) which were maintained at a temperature of 60
◦C. A miniDAWN TREOS (Wyatt Technology) multiangle laser light scattering (MALLS) operating at a
wavelength of 658 nm and an Optilab rEX refractive index detector (Wyatt Technology) operating at a wave-
length of 658 nm were used as detectors. The mobile phase consisted of N,N-dimethylformamide (DMF)
containing 0.1M LiBr at a flow rate of 1 mL min-1. Prior to injection, polymer solutions were filtered using
a 0.45 µm PFTE filter. Absolute molecular weights of polymers were determined using ASTRA 6.1.1.17
software (Wyatt Technology) and calculated from dn/dc values assuming 100% mass recovery. Size ex-
clusion chromatography (SEC) and high-performance liquid chromatography (HPLC) was carried out on
a Prominence HPLC system (Shimadzu) equipped with a quaternary pump in series with a 20A5 vacuum
degasser, a 20A autosampler, a SPD-M20A photo-diode array detector, and a RF-20A fluorescence detector.
For SEC analysis, a miniDAWN TREOS MALLS, and Optilab rEX refrac-tive index detector were addi-
tionally utilized. SEC separations were performed using a Polysep GFC-P linear column (300 × 7.8 mm,
Phenomenex) using H2O as the mobile phase at a flow rate of 0.8 mL min-1. HPLC analysis utilized a Luna
Phenyl-Hexyl column (3 µm, 50 mm × 4.6 mm, Phenomenex) using a gradient of acetonitrile in H2O con-
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taining 0.1% trifluoroacetic acid at a flow rate of 1.5 mL min-1. Zeta potentials were measured on Malvern
Zetasizer. UV-Vis spectroscopy was conducted on either a Nanodrop 2000 (Thermo Fisher Scientific) or a
Cary 60 (Agilent). Atomic force microscopy (AFM) was conducted under ambient conditions in tapping
mode on a Cypher (Asylum Research) using BS-Tap 300 Al tips (Budget Sensors). Samples were prepared
by spin coating a polymer solution (∼1 µg mL-1 in 1.0 mM MgCl2 in H2O) onto freshly cleaved mica.
Experimental Procedures
Synthesis of PBLG Brush Polymers
The synthesis was carried out according to a previous literature protocol.24 Briefly, in a glovebox, NB (9.8
mg, 0.0352 mmol) was weighed into a silanized vial and dissolved in dry DCM. A solution of G3 (1 mg
mL-1) was added at the desired [M]:[I] ratio such that the final [NB] = 0.02 M. The reaction was stirred at
room temperature 20 minutes per each 100 repeat units and quenched with 10 µL ethyl vinyl ether. The
resulting PNB macroinitiator solutions were stored at -30 ◦C in the glovebox and used directly. The PNB-
g-PBLG brush polymer was then synthesized by dissolving BLG-NCA (60 mg, 0.228 mmol) in DCM in a
silanized vial. Then, the PNB macroinitiator solution was added at the desired [M]:[I] ratio at [M] = 0.10 M
and stirred for 2–4 hours. Polymers for GPC analysis were prepared by evaporating solvent and dissolving
in mobile phase (0.1 M LiBr in DMF).
Synthesis of PGA Brush Polymers
To PNB-g-PBLG solutions (ca. 50 mg) in DCM, fresh, colorless trimethylsilyliodide (TMSI, 195 µL, 1.37
mmol, 6 equiv per benzyl group) was added by syringe under a stream of N2 forming a slightly yellow or
red/brown solution. The reaction was stirred at room temperature for 24 h, and solvent removed in vacuo.
Saturated NaHCO3 solution (4 mL) and DI H2O (4 mL) was added to dissolve the resulting residue and a
minimal amount of NaS2O3 was added to create a colorless solution. Dissolution of the brush polymers was
allowed to proceed for 24 h under stirring, resulting in a milky solution. The aqueous phase was washed 3
× 5 mL with ether to remove benzyl iodide. The resulting solution was transferred to dialysis tubing (50k
MWCO) and dialyzed against distilled water for 48 h. Lyophilization yielded a fluffy white solid in > 70%
yield (ca. 25 mg).
Preparation of CPT-PGA Conjugates
In an Eppendorf tube, PNB100-g-PGA50 (1.0 mg, 7.75 µmol -COOH) was dissolved in 100 µL DI water.
Fresh, aqueous solutions of EDC HCl (100 mg mL-1, 2.84 µmol) and NHS (100 mg mL-1, 2.84 µmol) were
added, followed by the addition of 10.88 µL of MES buffer (1.0 M, 10×). The reaction was allowed to
incubate at room temperature for 15 min, after which DMAP (50 mg mL-1, 0.712 µmol), CPT-Gly-TFA (10
mg mL-1 in DMF, 0.712 µmol), and 14.76 µL PBS buffer (10×) was added. The reaction was allowed to sit
at room temperature for 48 h. The CPT-PGA conjugate was purified via ultrafiltration using 100k MWCO
Amicon filters (EMD Millipore), washing with distilled water for a total of 10 spin cycles. Complete re-
moval of free CPT-Gly-TFA was confirmed by analyzing the flow through by UV-Vis spectroscopy. The
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purified CPT-PGA conjugate was lyophilized, yielding a white powder, and stored in the freezer.
Drug Loading and Loading Efficiency
The number of CPT-Gly molecules attached to the PGA brush polymer was quantified by UV-Vis spec-
troscopy by comparing against a standard curve. The drug loading and loading efficiency values were
calculated according to the following formula:
Drug Loading (wt%) =
MCPT-Gly
MPNB-g-PGA
× 100 (4.1)
Loading Efficiency (%) =
MCPT-Gly
MCPT-Gly in feed
× 100 (4.2)
where MCPT-Gly refers to the mass of CPT-Gly conjugated to the polymer, MPNB-g-PGA refers to the mass of
the PNB-g-PGA brush polymer, and MCPT-Gly in feed refers to the mass of CPT-Gly added to the conjuga-
tion reaction.
Drug Release
Solutions of CPT-PGA (10 µg mL-1) were incubated at 37 ◦C in either PBS (pH = 7.4) or acetate (pH =
5.5) buffer. At each time point, an aliquot was removed and analyzed by HPLC to determine the free drug
released. The study conducted with three independent replicates.
Cell Viability Assays
HeLa, LS174T, and HEK cells were plated in a 96-well plate at a cell density of 1,000, 5,000, and 7,000
cells per well for 24 h. The cell media was carefully aspirated and replaced with fresh cell media (100
µL). Freshly prepared PNB-g-PGA, CPT-PGA, or CPT in PBS was added to each well and the cells were
in-cubated for 48 h at 37 ◦C. The media was then aspirated, the cells were washed with 100 µL PBS, and
replaced with fresh 100 µL cell media. MTT reagent (10 µL, 5 mg mL-1 in PBS) was added to each and the
cells were incubated for 4 hours at 37 ◦C. The media was aspirated and the cells were washed with 3 × 100
µL PBS. Cells and resulting formazan crystals were then dissolved in 100 µL DMSO, and the absorbance
in each well was quantified using a plate reader at λ = 540 nm.
95
4.4 References
(1) Qiu, L. Y.; Bae, Y. H. Polymer architecture and drug delivery. Pharm. Res. 2006, 23, 1–30.
(2) Mu¨llner, M.; Dodds, S. J.; Nguyen, T.-H.; Senyschyn, D.; Porter, C. J. H.; Boyd, B. J.; Caruso,
F. Size and rigidity of cylindrical polymer brushes dictate long circulating properties in vivo. ACS
Nano 2015, 9, 1294–1304.
(3) Venkataraman, S.; Hedrick, J. L.; Ong, Z. Y.; Yang, C.; Ee, P. L. R.; Hammond, P. T.; Yang, Y. Y.
The effects of polymeric nanostructure shape on drug delivery. Adv. Drug Delivery Rev. 2011, 63,
1228–1246.
(4) Decuzzi, P.; Godin, B.; Tanaka, T.; Lee, S. Y.; Chiappini, C.; Liu, X.; Ferrari, M. Size and shape
effects in the biodistribution of intravascularly injected particles. J. Controlled Release 2010, 141,
320–327.
(5) Kesharwani, P.; Jain, K.; Jain, N. K. Dendrimer as nanocarrier for drug delivery. Prog. Polym. Sci.
2014, 39, 268–307.
(6) Wu, W.; Wang, W.; Li, J. Star polymers: Advances in biomedical applications. Prog. Polym. Sci.
2015, 46, 55–85.
(7) Mu¨llner, M. Molecular polymer brushes in nanomedicine. Macromol. Chem. Phys. 2016, 217, 2209–
2222.
(8) Duro-Castano, A.; Movellan, J.; Vicent, M. J. Smart branched polymer drug conjugates as nano-
sized drug delivery systems. Biomater. Sci. 2015, 3, 1321–1334.
(9) Burdyn´ska, J.; Daniel, W.; Li, Y.; Robertson, B.; Sheiko, S. S.; Matyjaszewski, K. Molecular bottle-
brushes with bimodal length distribution of side chains. Macromolecules 2015, 48, 4813–4822.
(10) Bolton, J.; Rzayev, J. Synthesis and melt self-assembly of PS–PMMA–PLA triblock bottlebrush
copolymers. Macromolecules 2014, 47, 2864–2874.
(11) Stals, P. J. M.; Li, Y.; Burdyn´ska, J.; Nicolay¨, R.; Nese, A.; Palmans, A. R. A.; Meijer, E. W.;
Matyjaszewski, K.; Sheiko, S. S. How far can we push polymer architectures? J. Am. Chem. Soc.
2013, 135, 11421–11424.
(12) Schappacher, M.; Deffieux, A. Synthesis of macrocyclic copolymer brushes and their self-assembly
into supramolecular tubes. Science 2008, 319, 1512.
(13) Guo, Y.; van Beek, J. D.; Zhang, B.; Colussi, M.; Walde, P.; Zhang, A.; Kro¨ger, M.; Halperin, A.;
Dieter Schlu¨ter, A. Tuning Polymer Thickness: Synthesis and Scaling Theory of Homologous Series
of Dendronized Polymers. J. Am. Chem. Soc. 2009, 131, 11841–11854.
(14) Li, A.; Li, Z.; Zhang, S.; Sun, G.; Policarpio, D. M.; Wooley, K. L. Synthesis and direct visualization
of dumbbell-shaped molecular brushes. ACS Macro Lett. 2012, 1, 241–245.
(15) Jha, S.; Dutta, S.; Bowden, N. B. Synthesis of ultralarge molecular weight bottlebrush polymers
using Grubbs’ catalysts. Macromolecules 2004, 37, 4365–4374.
96
(16) Beers, K. L.; Gaynor, S. G.; Matyjaszewski, K. The synthesis of densely grafted copolymers by
atom transfer radical polymerization. Macromolecules 1998, 31, 9413–9415.
(17) Unsal, H.; Onbulak, S.; Calik, F.; Er-Rafik, M.; Schmutz, M.; Sanyal, A.; Rzayev, J. Interplay be-
tween molecular packing, drug loading, and core cross-linking in bottlebrush copolymer micelles.
Macromolecules 2017.
(18) Johnson, J. A.; Lu, Y. Y.; Burts, A. O.; Lim, Y.-H.; Finn, M. G.; Koberstein, J. T.; Turro, N. J.;
Tirrell, D. A.; Grubbs, R. H. Core-clickable PEG-branch-azide bivalent-bottle-brush polymers by
ROMP: Grafting-through and clicking-to. J. Am. Chem. Soc. 2010, 133, 559–566.
(19) Liu, J.; Burts, A. O.; Li, Y.; Zhukhovitskiy, A. V.; Ottaviani, M. F.; Turro, N. J.; Johnson, J. A.
“Brush-first” method for the parallel synthesis of photocleavable, nitroxide-labeled poly(ethylene
glycol) star polymers. J. Am. Chem. Soc. 2012, 134, 16337–16344.
(20) Zou, J.; Yu, Y.; Li, Y.; Ji, W.; Chen, C.-K.; Law, W.-C.; Prasad, P. N.; Cheng, C. Well-defined diblock
brush polymer-drug conjugates for sustained delivery of paclitaxel. Biomater. Sci. 2015, 3, 1078–
1084.
(21) Li, C. Poly(l-glutamic acid)–anticancer drug conjugates. Adv. Drug Delivery Rev. 2002, 54, 695–
713.
(22) Singer, J. W.; De Vries, P.; Bhatt, R.; Tulinsky, J.; Klein, P.; Li, C.; Milas, L.; Lewis, R. A.; Wallace,
S. Conjugation of camptothecins to poly-(L-glutamic acid). Ann. N.Y. Acad. Sci. 2000, 922, 136–
150.
(23) Duro-Castano, A.; Conejos-Sa´nchez, I.; Vicent, J. M. Peptide-based polymer therapeutics. Polymers
2014, 6.
(24) Baumgartner, R.; Fu, H.; Song, Z.; Lin, Y.; Cheng, J. Cooperative polymerization of α-helices in-
duced by macromolecular architecture. Nat. Chem. 2017, Advance Online Publication.
(25) Rhodes, A. J.; Deming, T. J. Tandem catalysis for the preparation of cylindrical polypeptide brushes.
J. Am. Chem. Soc. 2012, 134, 19463–19467.
(26) Zhang, B.; Fischer, K.; Schmidt, M. Cylindrical polypeptide brushes. Macromol. Chem. Phys. 2005,
206, 157–162.
(27) Wei, Z.; Zhu, S.; Zhao, H. Brush macromolecules with thermo-sensitive coil backbones and pen-
dant polypeptide side chains: Synthesis, self-assembly and functionalization. Polym. Chem. 2015, 6,
1316–1324.
(28) Sahl, M.; Muth, S.; Branscheid, R.; Fischer, K.; Schmidt, M. Helix-coil transition in cylindrical
brush polymers with poly-L-lysine side chains. Macromolecules 2012, 45, 5167–5175.
(29) Blout, E. R.; Idelson, M. Polypeptides. VI. Poly-α-L-glutamic acid: Preparation and helix-coil con-
versions. J. Am. Chem. Soc. 1956, 78, 497–498.
(30) Han, J.; Ding, J.; Wang, Z.; Yan, S.; Zhuang, X.; Chen, X.; Yin, J. The synthesis, deprotection and
properties of poly(γ-benzyl-L-glutamate). Sci. China Chem. 2013, 56, 729–738.
97
(31) Subramanian, G.; Hjelm, R. P.; Deming, T. J.; Smith, G. S.; Li, Y.; Safinya, C. R. Structure of
complexes of cationic lipids and poly(glutamic acid) polypeptides: A pinched lamellar phase. J. Am.
Chem. Soc. 2000, 122, 26–34.
(32) Bhatt, R.; de Vries, P.; Tulinsky, J.; Bellamy, G.; Baker, B.; Singer, J. W.; Klein, P. Synthesis and in
vivo antitumor activity of poly(L-glutamic acid) conjugates of 20(S)-camptothecin. J. Med. Chem.
2003, 46, 190–193.
(33) Cheng, J.; Khin, K. T.; Jensen, G. S.; Liu, A.; Davis, M. E. Synthesis of linear, β-cyclodextrin-based
polymers and their camptothecin conjugates. Bioconjugate Chem. 2003, 14, 1007–1017.
(34) Sanford, M. S.; Love, J. A.; Grubbs, R. H. A versatile precursor for the synthesis of new ruthenium
olefin metathesis catalysts. Organometallics 2001, 20, 5314–5318.
(35) Greenwald, R. B.; Pendri, A.; Conover, C. D.; Lee, C.; Choe, Y. H.; Gilbert, C.; Martinez, A.; Xia,
J.; Wu, D.; Hsue, M.-m. Camptothecin-20-PEG ester transport forms: The effect of spacer groups
on antitumor activity. Bioorg. Med. Chem. 1998, 6, 551–562.
98
Chapter 5
Synthesis of Functional Polyesters†
Alternating Polymerization
Tetrazine Click
Thiol-ene Click
5.1 Introduction
The ability to functionalize polymers and macromolecular materials is essential for the creation of archi-
tecturally versatile and tunable systems for applications ranging from drug delivery1–3 and gene therapy,4–7
to biomaterials8,9 and self-assembly.10,11 To obtain these materials functional groups are often incorporated
post-polymerization for the subsequent attachment of ligands, dyes, or other groups that may modify the
physicochemical properties of the material.12 Copolymer systems, in particular, are advantageous in devel-
oping highly tunable systems, as their chemical or physical properties can be further modified by varying the
comonomers. Most copolymer systems, however, have no sequence control and result in a random distribu-
tion of monomers.13 The ability to control the sequence of monomer addition is highly desired as one can
functionalize the polymer at specific monomers located in an ordered sequence along the polymer backbone
giving rise to a wide variety of new polymeric architectures.14,15 Relatively few examples exist in which
†Portions of this chapter have been published: Baumgartner, R.; Song, Z.; Zhang, Y.; Cheng, J. Functional polyesters derived
from alternating copolymerization of norbornene anhydride and epoxides. Polym. Chem. 2015, 6, 3586–3590.
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highly functional, sequence controlled polymers with low polydispersity indexes (PDIs) can be synthesized
in high yields with minimal post-polymerization modification reactions from simple precursors.16–20
Most functionalized polymer systems are limited to polymers containing an all-carbon backbone. This
precludes their degradation in biological applications and limits their potential. Polyesters have long since
been used in biological applications due to their biodegradability and biocompatibility. With regard to the
synthesis of polyesters, the most commonly employed methods involve ring-opening polymerization (ROP),
and polycondensation.21 Polycondensation reactions occur between carboxylic acid groups and alcohols,
being either of the A–A + B–B structure, or the A–B structure (Figure 5.1). This step growth polymer-
ization has been classically utilized to create polymers of wide industrial importance, such as polyethylene
terephthalate, polyglycolic acid, and polyhydroxybutyrate. The conditions for the synthesis, however, are
harsh, requiring elevated temperatures often in excess of 250 ◦C.21,22 These temperatures limit the range of
monomers utilized for the synthesis of the polyesters, especially if new sensitive and functional monomers
are desired for next-generation polymers. Additionally, step-growth polymerizations tend towards a theoret-
ical PDI of 2.0, which may be excessively broad for highly specialized applications.23,24 Last, the final MW
values of the polymer can be difficult to control. Monomer conversion must be periodically checked and the
water byproduct removed in order to ensure that polymer of a sufficient molecular weight is produced.
In order to overcome the setbacks of tradiational condensation polymerization, a significant effort has
been placed into the ROP chemistry of cyclic lactones (Figure 5.1). The conditions for formation are less
harsh, instead requiring temperatures of ∼100 ◦C. Additionally, this process is a chain-growth process that
tends toward lower PDI values for higher MW polymers. The molecular weight is more easilty controlled by
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choosing hydroxyl containing initiators as well. The ring-opening polymerization of lactide has been widely
popularized, and the synthesis utilizing a tin(II) catalyst has been commercially viable.25 ROP utilizing
-caprolactone is also a important commercial process for the synthesis of polycaprolactone. Recently,
several important advances in this field have even allowed γ-butyrolactone to become polymerized in both
linear and cyclic forms.26,27 The synthetic methods for this type of polymerization have also undergone
several key advancements, moving away from the use of metal catalysts and towards the use of highly active
organocatalysts.28–31 These organocatalysts provide excellent control over the polymerization including a
rapid polymerization and controlled MWs. Despite these advancements, the lack of structural diversity in
the monomer pool limit the applications of these polymers. While several monomers with unique functional
groups have been synthesized, these often require lengthy multistep syntheses.32–34
A new method for the synthesis of polyesters that is rapidly gaining popularity is the alternating copoly-
merization of epoxides and anhydrides (Figure 5.1). This method has several key advantages that make it
ideal over the previously mentioned methods. The monomers themselves hold many advantages as they are
the dehydrated products of diacids and diols and consequently the addition rather than condensation reac-
tion does not produce water as a side product. This overcomes the need to remove water or utilize elevated
temperatures to drive the reaction forward. Additionally, the monomers are commercially available and are
widely utilized in polymer chemistry providing a range of functional groups from which to design polymers
with specific properties. Lastly, the reaction conditions are mild. Polymers can be formed rapidly at 100 ◦C,
but the polymerizations are also successful at temperatures as low as 45 ◦C resulting in polymers with low
PDI values.35 While previous transition metal catalysts for this polymerization have given low yields and/or
relatively high PDIs,36,37 recently, several catalyst systems based on complexes of Al(III),38–40 Zn(II),41–43
and Cr(III)38,39,44 have been shown to be highly active and selective for the alternating incorporation of a
variety of monomers which give polymers with low PDIs and high yields.
Utilizing this method, several monomer combinations have been shown to undergo a perfectly alternat-
ing polymerization to form polyesters with modest to high molecular weight (MW).35,38,41,44–50 Of these
monomers, limited functional handles have been incorporated into the final polymers, and of the ones that
have, none have been utilized in post-polymerization modification reactions. Unsaturated bicyclic based
monomers are largely underutilized in polyesters, despite the favorable properties they impart into the re-
sulting polymers such as high glass transition temperatures (Tg)33,47 and, often, a uniquely reactive olefin.
Our goal was to utilize the advantageous properties of unsaturated bicyclics and determine the feasibility
of incorporating them into polyesters. The ability to functionalize polyesters is becoming increasingly im-
portant in developing new smart biodegradable materials. In the following section, we demonstrate that
cis-5-norbornene-endo-2,3-dicarboxylic anhydride (NBA) can be used as a new versatile comonomer in the
alternating polymerization with a variety of epoxides to make low to medium MW alternating polyesters.
Using tetrazine51 and thiol-ene52 click chemistry, we also demonstrate the ability to spatially functionalize
the polyesters in a perfectly alternating manner. Lastly, we show the ability of these NBA incorporated
alternating polyesters to be used as macromolecular precursors to form cross-linked or thermo-responsive
materials.
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5.2 Alternating Polymerization of Norbornene Anhydride and Epoxides
Using NBA as a functional monomer, we first investigated its ability to undergo alternating polymer-
ization with various model epoxides to form polyesters. While Al(OiPr)3 and Mg(OEt)2 were shown to be
viable catalysts for this polymerization, the polydispersity index (PDI) values were higher and the conver-
sions much lower than those obtained from the chromium(III) salen catalyst using DMAP as a cocatalyst
(Table 5.2). Thus, using the chromium(III) catalyst system we were able to control the polymerization of
NBA to proceed with high conversions in a perfectly alternating manner with a variety of epoxides (Fig-
ure 5.2). Under these conditions we obtained well-defined polymers with modest MWs, ranging from 3.0
kDa for polymer 7 containing styrene oxide (NBA-alt-SO), and up to 5.8 kDa for polymer 1 containing
epichlorohydrin (NBA-alt-ECH) (Table 5.1). ECH required low temperatures to achieve controlled poly-
merization, as polymerization at 110 ◦C resulted in polymer with a large molecular weight distribution.
Other polymers derived from monomers such as the sterically hindered cyclohexene oxide (NBA-alt-CHO)
and phenyl glycidyl ether (NBA-alt-PGE) also formed well defined polymers 3 and 6, respectively, with
higher MWs. High conversions were found for all polymers under these polymerization conditions except
for polymer 5 from butylene oxide (NBA-alt-BO) which is likely due to evaporative losses during the longer
polymerization times near the boiling point of BO. All of the polymerizations are found to have MW values
much lower than expected based upon the [M]0:[I]0 ratio. Water or trace hydrolyzed anhydrides are known
to act as chain transfer agents in this polymerization and since water was not rigorously removed from the
NBA monomer, this causes the lower MW values.46,48 From entry 4 performed with rigorously dried NBA,
we observe over a five-fold increase in MW, demonstrating the importance of dry, pure monomers. In ad-
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Figure 5.2 Scheme of the alternating polymerization of NBA with a variety of epoxides using Cr(III) based salen
catalyst with DMAP as a co-catalyst.
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Table 5.1 Polymerization of NBA with Various Epoxidesa
Entry Epoxide Conversion
(%)e
Mn (kDa)f PDI
(Mw/Mn)f
Tg (◦C)
1b ECH 89 5.8 1.11 47
2 AGE 95 3.3 1.04 9
3 PGE 98 3.1 1.02 56
4c PGE >99 17.0 1.24 62
5d BO 67 3.0 1.04 18
6 CHO 97 3.0 1.02 117
7 SO 94 3.0 1.12 87
8 IGE 96 3.3 1.03 –
9 DEG 93 3.4 1.14 14
10 TEG 93 3.6 1.12 –
a Reaction conditions: [NBA]:[epoxide]:[cat]:[DMAP] = 250:250:1:1 in toluene, 110 ◦C, 5 h.
b Performed at 50 ◦C for 20 h. c Polymerization performed with NBA dried over CaH2
d Performed at 60 ◦C for 20 h. e Conversion NBA (%) determined from 1H NMR.
f Determined from GPC-RI analysis in THF.
dition, a bimodal peak shape appears in the higher MW samples, similar to results from other groups (see
Figure 5.5). It is likely that a small amount of hydrolyzed anhydride remains in the monomer, or is formed
during the reaction leading to bimetallic catalytically active species which form the higher MW polymer
distribution.
To understand more about the polymerization, and to support the alternating incorporation of the monomers
during the polymerization, we conducted kinetics on a model polymerization between NBA and SO (Fig-
ure 5.3a). From Figure 5.3b, it is clear that the concentration of NBA and SO decrease in a typical pseudo-
first order decay, and the calculated rate constants are nearly identical at k = 2.8 ×10-4 M-1 s-1 and k = 2.7
×10-4 M-1 s-1 for NBA and SO, respectively. In addition, the appearance of the polymer also followed a
pseudo-first order trend which mirrored the disappearance of the monomers. The characteristics of the poly-
mer over time appear to agree with those of a typical living polymerization. The conversion of monomer
trends linearly with the Mn values and the PDI decreases as the polymerization continues (Figure 5.3c).
However, it is clear that the polymerization cannot be living in the traditional sense, as the MW values are
significantly lower than expected (≈ 71 kDa). This is confirmed by conducting the polymerization under
several [M]0:[I]0 ratios and comparing the Mn values. From Figure 5.4 it is clear that the polymer MW
values decrease as the [M]0:[I]0 ratio increases. This suggests an agent present within the monomer is act-
ing to moderate the MW values, and is likely the presence of water or hydrolyzed anhydride. The low
PDI values, however, are likely due to the immortal nature of the polymerization where catalyst species are
rapidly transfering from one active site to another, polymerizing multiple chains during the course of the
polymerization.
Even with the quasi-living polymerization exhibited by the Cr(III) catalyst and DMAP cocatalyst, we
were curious whether block copolymers could be furnished. To test this, we first polymerized NBA and
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Figure 5.3 a. Polymerization of NBA with SO. b. Fraction of monomer and polymer over the course of the polymer-
ization revealing the simultaneous conversion of epoxide and anhydride and the concomitant formation of polymer. c.
Conversion of NBA plotted against the polymer molecular weight (Mn) and PDI (Mw/Mn). Polymerization was con-
ducted in toluene at 110 ◦C at [NBA]:[SO]:[cat]:[DMAP] = 250:250:1:1; [NBA] = 2.5 M. Conversion was determined
by removing aliquots and comparing peak ratios by 1H NMR.
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Figure 5.4 GPC-RI traces of NBA-alt-SO synthesized at various [M]0/[I]0 ratios. [M]0 refers to NBA. [NBA]0 =
[SO]0 = 2.5 M. Performed in toluene using Cr(III) as a catalyst and DMAP as co-catalyst in 1:1 ratio.
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Figure 5.5 GPC-RI traces of NBA-alt-PGE before (blue) and after (red) the addition of a second NBA-alt-AGE
block.
PGE to form the first block (Figure 5.5). The resulting polymer distribution is bimodal potentially due to
bimetallic species which are formed from hydrolyzed anhydride, and certainly eliminates the feasibility of
making pure di-block copolymers, however, the question remains whether or not the polymer chain ends
remain active and will continue the polymerization upon the further addition of monomer. When more NBA
and AGE were added to form the second block, the resulting polymer displayed a trimodal MW distribution,
however, at a higher MW than the first block (Figure 5.5). This suggests that indeed the chain ends continue
to be active forming what would most likely be a mixture of di- and tri-block copolymers. The third peak,
however, found at the lowest MW values may be due to polymers which are initiated from NBA itself and
are composed of solely NB and AGE. In all, this suggests that the polymerization process itself is living in
nature, however, side reactions hinder the feasibility of synthesizing more complex polymers such as block
polymers.
For the polymer structure that we were able to synthesize, however, the alkenes of the allyl and nor-
bornene based monomers were found to be tolerant to polymerization conditions. The 1H NMR spectra
for all polymers showed resonances at δ 6.25 ppm corresponding to the intact olefin of norbornene (see
supplementary spectra in Section 5.3). Additionally, resonances near δ 4.2 ppm for all samples confirmed
the formation of a polyester resulting from the alternating incorporation of epoxides and anhydrides into
the polymer backbone. PDI values of the resulting polymers were usually less than 1.2, with monomodal
molecular weight distributions for the low MW polymers, likely due to water which acts as a chain transfer
agent and moderates the MW values.
Due to the rigidity of the norbornene molecules, we expected to observe high glass transition tempera-
tures (Tg) for many of these polymers, depending upon the epoxide used. Thermal analysis of the polymers
with differential scanning calorimetry (DSC) showed a wide range of Tg values (Table 5.1). Polymer 2 de-
rived from allyl glycidyl ether (NBA-alt-AGE) showed the lowest Tg due to the long aliphatic side chains,
while rigid molecules such as CHO gave a polymer with a high Tg of 117 ◦C. Since many of these polymers
are of low MW (< 3kDa), further increasing the MW should further increase the Tg values, and indeed they
do. Comparison of NBA-alt-PGE at low (3) and high MW (4) show an increase in Tg from 56 ◦C to 62 ◦C.
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Table 5.2 Alternative Polymerization Conditions
Entry Epoxide Anhydride Catalyst Conv.
(%)
Mn
(kDa)f
Mw/Mnf Tg
(◦C)
11a NBA SO Al(OiPr)3 55 5.5 1.96 –
12a NBA SO Mg(OEt)2 58 4.7 1.73 –
13 exo-NBA AGE Cr(III) + DMAP 100 8.2 1.15 13
14 BHA AGE Cr(III) + DMAP 100 8.2 1.41 29
15 MNB AGE Cr(III) + DMAP – 12.6 1.09 28
16 THPA SO Cr(III) + DMAP > 99 3.2 1.11 –
a Reaction conditions: [NBA]:[epoxide]:[cat]:[DMAP] = 250:250:1:1 in toluene, 110 ◦C, 5 h.
a Reaction performed for 48 h. exo-NBA = cis-5-norbornene-exo-2,3-dicarboxylic anhydride; BHA = cis-endo-Bicyclo[2.2.1]hept-
5-ene-2,3-dicarboxylic anhydride; MNB = methyl-5-norbornene-2,3-dicarboxylic anhydride; THPA = 1,2,3,6-Tetrahydrophthalic
anhydride.
To determine whether other norbornene analogs would survive the polymerization conditions we also
conducted polymerizations of cis-5-norbornene-exo-2,3-dicarboxylic anhydride (exo-NBA), cis-endo-bi-
cyclo[2.2.1]hept-5-ene-2,3-dicarboxylic anhydride (BHA), and methyl-5-norbornene-2, 3-dicarboxylic an-
hydride (MNBA) with AGE as a model epoxide (Table 5.2). These polymers were successfully polymerized
to high conversion with MWs of up to 12.6 kDa. PDI values for these polymers were slightly higher and
peak distributions were partially bimodal, however, according to 1H NMR the alkenes remained intact for
all of these polymers.
We were additionally curious to determine the thermal properties of these polymers and the effects that
side-chain groups would have on the polymers. Analysis of the degradation temperatures using thermal
gravimetric analysis (TGA) revealed that side-chain groups did not have significant effects on the thermal
stability, however, differences are clearly visible (Figure 5.6). For instance, the thermal stability of 7 con-
taining phenyl side-chains occurred early, with the onset of mass loss occurring at 127 ◦C. This early mass
loss is due to trace unremoved solvent resulting in only a small loss in mass. The onset of degradation for the
polymer occurs at 265 ◦C, and results in > 90% mass loss at 450 ◦C. When cyclohexene oxide was utilized
as the epoxide component (6) an increase in the onset of degradation is observed, occurring at 290 ◦C, also
resulting in a mass loss of 90% at 450 ◦C. The polymer composed of epichlorohydrin (1) had moderate
performance, with onset of degradation occurring at 285 ◦C. This polymer did not degrade as completely as
the other polymers due to the incorporation of halogen atoms. Interestingly, when the norbornene monomer
was changed to the exo isomer and polymerized with allyl glycidyl ether(13), the thermal stability increased
significantly. The degradation temperature of this polymer occurs at 352 ◦C, nearly over 70 ◦C higher than
any of the other polymer samples.
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Figure 5.6 Thermal degradation of polymer samples. Thermal analysis carried out under N2 at a heating rate of
10◦C min-1.
Using matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF), the
alternating structure of the polymers was additionally confirmed. From the MALDI-TOF spectrum of 7
(Figure 5.7c), we observe the perfectly alternating structure with regular spacing of the repeat unit (m/z =
284) with no peaks corresponding to ether bond formation which would result from sequential epoxide ad-
dition into the polymer backbone. The main sequence of peaks is comprised of the SO terminated polymer,
evidenced by the smaller distribution of peaks with equivalent repeating unit shifted to a lower molecular
weight by m/z = 120, the mass of the SO monomer. This minor distribution of peaks corresponds to that of
the NBA terminated polymer.
With well-defined polymer distributions arising from copolymers of NBA and retention of the reactive
alkene groups spaced periodically along the backbone, we utilized both thiol-ene and tetrazine based click
chemistry, to functionalize polymers on alternating residues (Figure 5.7a). We first treated polymer 7 with
2-phenylethanethiol and DMPA under UV light in THF for 1 h yielding the desired polymer 7a as a yellow
solid after precipitation from hexanes. From the 1H NMR of the polymer, we observe the complete disap-
pearance of the alkene peaks of NBA which appear at δ 6.25 ppm and appearance of several other aliphatic
peaks corresponding to the attached thiol (see supplementary spectra in Section 5.3). The appearance of ad-
ditional resonances in the aromatic region further confirm the attachment of 2-phenylethanethiol. Analysis
of 7a carried out using MALDI-TOF confirmed the perfectly alternating functionalization of 7 (Figure 5.7c).
Upon reaction of the norbornene residues with 2-phenylethanethiol, a larger repeating unit is observed with
a spacing of m/z= 422, consistent with the addition of 2-phenylethanethiol across the double bond. The
spacing between repeating units is consistent with addition to only the alkene of norbornene with no trans-
esterification occurring. As was observed in the MALDI-TOF of 7, we see the identical minor distribution
of NBA terminated polymer shifted 120 m/z units below that of the major distribution, further confirming no
additional extraneous reactions. The spacing between peaks in this minor distribution remains 422 m/z. In
addition, we observe a change in the Tg of the polymer, decreasing slightly to 68 ◦C. The added flexibility
of the ethyl spacer of 2-phenylethanethiol leads to this shift.
Tetrazine based click chemistry has also been reported as an efficient method for installing functional
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Figure 5.7 a. Scheme of polymer 7 undergoing functionalization by either thiol-ene or tetrazine click chemistry to
form 7a and 7b respectively. b. GPC-RI traces of 7 before and after click chemistry. c. MALDI-TOF of polymer 7
before and after functionalization.
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groups onto norbornene based polymers. We reasoned that the inverse electron-demand Diels-Alder reaction
(iEDDA) between tetrazine and NBA would allow efficient functionalization of the polyesters on alternating
residues. The reaction of model compound 3,6-di-2-pyridyl-1,2,4,5-tetrazine with 7 proceeded at room
temperature in a DMSO/DCM mixture to yield the final functionalized polymer 5b in good yield. The 1H
NMR spectrum confirmed the disappearance of the alkene peaks of NBA at δ 6.25 ppm, with the concurrent
appearance of many new aromatic peaks arising from the incorporated pyridine groups (see supplementary
spectra in Section 5.3). Additionally, the reaction with the rigid, aromatic tetrazine unit significantly altered
the Tg of the polymer, raising it from 87 ◦C to 183 ◦C demonstrating how post-polymerization modification
can drastically modify the physical properties of the polymer. Analysis of 7b using MALDI-TOF MS
again confirmed the perfectly alternating functionalization of the polymer (Figure 5.7c). The reaction with
tetrazine shows an increase in the mass of the repeating unit, with a difference of m/z = 492, which agrees
perfectly with the addition of tetrazine across the double bond with the concomitant loss of nitrogen. Both
of the click reactions maintain the perfectly alternating structure of the polymer with no side reactions.
The MW distribution of polymers also remain monomodal after functionalization, as observed by GPC
(Figure 5.7b).
Having demonstrated the utility of the olefin of NBA and the specificity to which the functionalization
reactions take place, we also desired to utilize the ability of norbornene to undergo ring-opening metathesis
polymerization (ROMP) to create crosslinked materials. Utilizing the pendent norbornene groups along the
polymer, we were able to crosslink the polymer using Grubbs 3rd generation catalyst in a DCM solution
(Figure 5.8a). A solution of 7 was crosslinked in under 3 h upon the addition of Grubbs 3rd generation
catalyst to form a soft organogel. While Grubbs 3rd generation catalyst is known to be very active,53 it
is likely that residual DMAP in the polymer acts to suppress its activity leading to the extended time for
gelation.54 The ability to substitute various epoxides in the alternating polymerization with NBA may allow
for fine tuning of the structural properties of the gels as well as for the incorporation of functional groups
through the preserved olefin, as ROMP retains its functionality.
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Figure 5.8 a. Crosslinking of 7 using Grubbs catalyst. b. Diethylene glycol (DEG) and triethylene glycol (TEG)
glycidyl ethers utilized in the copolymerization with NBA. c. LCST transition of NBA-alt-DEG (9, blue) and NBA-
alt-TEG (10, red) in water monitored at a wavelength of 500 nm.
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In addition to forming crosslinked materials, the functional handle of norbornene would also lend it-
self useful in thermoresponsive materials. Deng and coworkers have previously demonstrated the utility
of oligoethylene glycol pendent side chain alternating polyesters to make thermoresponsive materials for
biomedical applications.55–57 Incorporating functional monomers such as NBA into thermoresponsive ma-
terials should further broaden their applications. Copolymerization between NBA and diethyleneglycol
glycidyl ether (DEG) or triethylene glycol glycidyl ether (TEG) resulted in temperature responsive polymer
9 (NBA-alt-DEG) and 10 (NBA-alt-TEG) having a lower critical solution temperature (LCST) of 17 ◦C
and 30 ◦C (Figure 5.8c). While the LCST of these polymer are significantly lower than analogues based off
of succinic anhydride (LCST = 49 ◦C),55 the transition remains sharp, being essentially complete in a tem-
perature change of 6 ◦C. The lower LCST is likely due to the larger and more hydrophobic NBA monomer
which decreases the ability of water to solvate the polymer. This polymer still contains the functional double
bonds of the norbornene and, as such, is able to undergo further modifications to introduce functionality to
this temperature responsive material.
In summary, we utilized the alternating ring-opening polymerization between NBA and various epox-
ides to form polyesters which contained low PDI values. The Tg values for these polymers ranged from 9
◦C to 117 ◦C for unsubstituted NBA polymers, increasing to up to 183 ◦C for tetrazine reacted polymer 7b.
The functionalization of the NBA incorporated polyesters proceeded in a highly efficient and well-controlled
manner, modifying only the NBA residues producing polyesters with functional groups incorporated on al-
ternating residues. The reactive olefin of NBA within the polyesters reacted with both thiol and tetrazine
containing molecules using thiol-ene and tetrazine based click reactions, respectively. In addition, we syn-
thesized thermoresponsive polymers using DEG and TEG as an epoxide imparting LCST behavior with a
transition occurring at 17 ◦C and 49 ◦C. The NBA functionality in the polyester was also employed in ROMP
based crosslinking reactions to create organogels. Using these crosslinked polyesters, we have additionally
investigated the feasibility of creating ROMP based, thermosetting resins (Chapter 6). In addition to this
application, we expect that the functionality of these NBA containing polyesters holds potential for creating
a wide variety of new functional biomaterials.
5.3 Materials and Methods
General Experimental Considerations
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as received unless
otherwise specified. All polymerizations were mixed in a MBraun glovebox under argon. All liquid epox-
ides were stirred over powdered CaH2 at RT for 24 h, vacuum distilled, and stored in the glovebox. 4-
(dimethylamino)pyridine (DMAP) was recrystallized from diethyl ether at -30 ◦C. Aluminum isopropoxide
was distilled under vacuum and stored in the glovebox. Anhydrous toluene was purchased from Sigma
Aldrich and used as received. To dry NBA for higher molecular weight polymers, NBA was dissolved
in THF with powdered calcium hydride and stirred overnight at RT. The slurry was transferred into the
glovebox, filtered and evaporated to dryness. The Cr(III) salen catalyst, Grubbs 3rd generation catalyst, and
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2-((2-(2-methoxyethoxy)ethoxy)-methyl)oxirane (MEMO) were synthesized as previously reported.
Instrumentation
NMR spectra were all taken in CDCl3 and recorded on a Varian U400, VXR500, or U500 NMR spec-
trometer. Gel Permeation Chromatography (GPC) was performed on a system equipped with an isocratic
pump (Model 1200, Agilent Technology, Santa Clara, CA, USA) and an Optilab rEX refractive index detec-
tor (Wyatt Technology, Santa Barbara, CA, USA). Separations were performed using serially connected size
exclusion columns (102 A˚, 103 A˚, 104 A˚, 105 A˚ Phenogel columns, 5 µm, 300× 7.8 mm, Phenomenex, Tor-
rance, CA, USA). The mobile phase consisted THF at a rate of 1 mL min-1. Samples were filtered through
a 0.45 µm PTFE filter before analysis. The molecular weight and polydispersity of polymers were deter-
mined by comparing to polystyrene standards. MALDI-TOF spectra were taken on a Bruker Ultra Flextreme
equipped with a 337 nm nitrogen laser. An accelerating voltage of 23 kV was applied, acquiring 1000 shots
for each sample. Samples were prepared using trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]
malonitrile (DCTB) as the matrix (10 mg mL-1 in THF), and sodium trifluoroacetate as the cationization
agent (10 mg mL-1 in THF). Samples were dissolved in THF (10 mg mL-1). Solutions of matrix, salt, and
polymer were mixed in a volume ratio of 4 : 1 : 1, respectively. The mixed solutions (0.5 µl) were hand
spotted on a stainless steel MALDI target and allowed to dry completely. All spectra were recorded in
reflectron mode. Thiol-ene reactions were performed using an Omnicure S1000 UV curing lamp (Lumen
Dynamics, Mississauga, ON, Canada) equipped with an adjustable collimating adaptor. The lamp was ad-
justed to 100% power and positioned such that the measured intensity on the sample was ∼50 mW cm-2.
Differential scanning calorimetry (DSC) was conducted on a TA Instruments Q20 with a Liquid Nitrogen
Cooling System. Tzero aluminum pan and lids were used to hold samples. Scans were conducted under
nitrogen at a flow rate of 50 mL min-1. Samples were run under a Heat/Cool/Heat Program with heating and
cooling rates set to 10 ◦C min-1. First cooling and second heating curves are shown. The second heating
curve was used to calculate Tg using TA Universal Analysis software.
General Polymerization Procedure
In a glovebox, anhydride (0.96 mmol), epoxide (0.96 mmol), catalyst (24 mg mL-1 in toluene, 100 µl,
0.004 mmol), DMAP (12 mg mL-1 in toluene, 38.5 µl, 0.004 mmol), and toluene (246 µl) were added to a
3 mL crimp vial with a magnetic stir bar, sealed, and heated outside the glovebox on an aluminum heating
block at 110 ◦C for 5 hours. Dissolution of the resulting polymer reaction in DCM or CHCl3 (1 mL), pre-
cipitating into hexanes (12 mL), and drying gave the final product as a light red powders or as hard clear red
solids depending upon the Tg of the polymer. Yields were typically > 70%.
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Monomer Conversion
Reactions were removed from heating block and allowed to cool. A small aliquot was removed and dis-
solved in CDCl3. Conversion monitored by 1H NMR spectroscopy, comparing the methylene bridging
protons of NBA monomer at δ 1.5 and δ 1.8 to those of the polymer which appear at δ 1.2–1.5.
Thiol-ene Click of 2-phenylethanethiol with NBA-alt-SO
In a quartz reaction flask, NBA-alt-SO (30 mg, 0.1 mmol NBA) was mixed with 2-phenylethanethiol (54
µl, 0.4 mmol) and 2,2-dimethoxy-2-phenylacetophenone (5 mg, 0.02 mmol) in 2 mL THF. The flask was
purged with nitrogen for 5 minutes, sealed, and placed under UV irradiation (365nm, 50 mW cm-2) for 1 h.
The reaction was directly precipitated into hexanes (12 mL), followed by dissolution in minimal DCM, and
re-precipitation into hexanes. Drying of polymer gave the final product as a yellow solid (41.2 mg, 94 %).
Tetrazine Click of 3,6-Di-2-pyridyl-1,2,4,5-tetrazine with NBA-alt-SO
A solution of NBA-alt-SO (20 mg, 0.067 mmol NBA) and 2,6-dipyridyl-1,2,4,5-tetrazine (19 mg, 0.08
mmol) in 1.5 mL of a 2:1 v/v solution of DCM/DMSO was stirred overnight at room temperature. The
resulting solution was clear and slightly pink in color due to excess tetrazine. The remaining solution was
diluted in DCM, washed five times with water, then dried over sodium sulfate, concentrated, then precipi-
tated into hexanes (12 mL) to give a yellow solid upon drying (17 mg, 47%).
ROMP Crosslinking of NBA-alt-SO
In a glovebox, 150mg of NBA-alt-SO was dissolved into 1 mL of DCM, followed by the addition of 2.5 mg
of Grubbs 3rd generation catalyst. After allowing the solution to sit for 2-3 h, gelation was observed.
LCST behavior of polymer
A 0.5 mg mL-1 solution of (NBA-alt-MEMO) in water was placed in a temperature controlled cell. Once
the solution has reached the desired temperature, the cuvette was quickly placed into a UV-Vis spectropho-
tometer and % transmittance was read at 500 nm.
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Chapter 6
Latent ROMP Curing Thermosetting
Resins†
100 °C
Minutes
Hours
22 °C
Inhibitor
Curing Agent
Polyester Crosslinker Norbornene Monomer
6.1 Introduction
Polymeric materials synthesized using ring-opening metathesis polymerization (ROMP) have seen in-
creased importance in both industry and academia due to the versatility, functionality, and unique properties
which the resulting polymers possess.1–3 Well-defined ruthenium based catalysts have proven to be some of
the most powerful metathesis catalysts due to their functional group tolerance and stability in both mois-
ture and air.4–7 Taming the activity of these highly active catalysts, however, remains an important chal-
lenge. High-strain monomers such as dicyclopentadiene (DCPD) and norbornene (NB) are hard to control
when polymerized in concentrated solution or in bulk with Grubbs 1st and 2nd generation catalysts, due to
†Portions of this chapter have been published: Baumgartner, R.; Ryba, K.; Song, Z.; Wang, R.; Harris, K.; Katz, J. A delayed
curing ROMP based thermosetting resin. Polym. Chem. 2016, 7, 5093–5098.
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Figure 6.1 Several latent metathesis catalysts that have been developed to activate upon exposure to heat, UV radia-
tion, or mechanical force.
the rapid polymerization which follows.8–11 Additionally, these monomers are solids at room temperature
which often requires heat to perform bulk polymerization that further worsens this problem. To combat
these challenges, a substantial amount of synthetic effort has been placed in designing latent metathesis
catalysts.12–16 These catalysts aim to reduce or eliminate the activity of the catalyst until a proper chemical
or physical stimulus is provided. The true advantage of these catalysts is that they may be added into a
formulation of monomer and be polymerized only when the specific stimulus is administered. With regard
to the production of thermoset materials, this is particularly useful as all of the components can be mixed
and cured in place and on demand. Recently, several impressive latent ROMP catalysts have been developed
which can be activated upon the addition of heat,17–22 light,23–28 acid,29–31 as well as mechanical energy
(Figure 6.1).32,33 The principle mechanism by which many of these catalysts function is by switching of the
catalyst structure. The thermally activated catalysts, for instance, undergo a rearrangement or ligand disso-
ciation at elevated temperatures that activates the catalyst. Under the most ideal conditions, the catalyst has
no activity under ambient conditions and functions to cure rapidly under the desired stimulus. A common
hurdle in the development of these catalysts is tuning the activity correctly. A catalyst that is not completely
deactivated under under ambient conditions will suffer from residual activity. Conversely, catalysts that
have been strongly deactivated undergo slow polymerizations under the presence of the trigger. For certain
applications, however, a longer working time with the polymerization mixture under ambient conditions is
sufficient to allow pouring into a mold or spreading onto a surface. In nearly all cases, however, a rapid
polymerization is desired in the presence of the trigger. Another setback many of the previously developed
catalysts is the tedious preparation. Several synthetic steps are required that result in waste of the precious
ruthenium metal, and added cost. Last, several catalysts only have latent activity in dilute conditions. In
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order to design bulk thermosetting systems, these catalysts must possess low activity in the bulk state in the
absence of the trigger. So far, the development of a polymer system that has low ROMP activity that can be
rapidly activated upon the addition of a stimulus is challenging.
6.2 Synthesis and Characterization of Thermosets
One simple and efficient strategy that has been the used previously to develop latent curing metathesis
sytems utilized N-donor ligands to slow the polymerization.34 In a simple latent catalyst system developed
by Schanz et al., N-donor ligands such as N-methyl imidazole or 4-dimethyaminopyridine (DMAP) were
utilized as additives to slow the ROMP of cyclooctene.29 These ligands function by competing with re-
leased PCy3 for binding at the ruthenium center during propagation.29,30 Since dissociation of these ligands
is required prior to olefin binding and catalysis, the added N-donor ligands shift the equilibrium towards
the ligand associated complexes and away from the active 14-electron ruthenium species. The addition
of phosphoric acid, however, regenerates polymerization activity by protonating these ligands, shifting the
equilibrium back towards the active 14-electron ruthenium species. While this concept is simple in principle,
chemical reactivation may not be an ideal trigger since rapid polymerization can result before efficient mix-
ing is achieved, leading to the same problems as with the original non-latent catalyst. A physical stimulus,
such as a change in temperature, may be better suited since it can be more easily controlled. We reasoned
that in the DMAP based system, heat might serve as a successful trigger to drive off the PCy3 or DMAP and
shift the equilibrium towards the 14-electron ruthenium species (2) resulting in an substantially exaggerated
difference in polymerization activity at hot and cold states (Figure 6.2). Additionally, we desired to use this
simple additive in a bulk system which could be easily crosslinked.
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To test our hypothesis (Figure 6.3a), we chose to utilize the di-methyl ester of norbornene (NBMe) as a
model monomer. NBMe was an attractive monomer for our final application being a liquid at room temper-
ature allowing easy mixing and handling in bulk. Although NBMe has low metathesis activity and requires
higher temperatures or long polymerization times, it proved to be advantageous for our application as it
can provide an extended time for mixing,35,36 and has low odor, in contrast to widely used DCPD and NB.
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Figure 6.3 a. Scheme showing reduced catalytic activity of 1a in the presence of DMAP at room temperature. b.
Conversion of NBMe in CDCl3 monitored by 1H NMR at various temperatures in the presence or absence of DMAP.
[NBMe] = 1.0 M, [1a] = 2.0 mM, [DMAP] = 2.0 mM. c. Gel time at room temperature and conversion of NBMe upon
heating at 100 ◦C for 1 h at varying ratios of NBMe, 1a, and DMAP. Polymerizations were performed in bulk.
Lastly, because of the importance of crosslinked metathesis based polymers such as poly(dicyclopentadiene)
(PDCPD), we anticipated that we could incorporate a crosslinker into this liquid monomer to create a ther-
mosetting resin. Norbornene containing polyesters synthesized through alternating polymerization with
various epoxides have been previously developed in our group37 and others38,39 and should serve as ideal
multifunctional crosslinkers due to their easy synthesis and structural variety.
Utilizing ruthenium catalyst 1a (Figure 6.2 and Figure 6.3a), we first determined the extent to which
DMAP was able to inhibit the polymerization of NBMe at room temperature (Figure 6.3b). In the absence
of DMAP, the conversion of NBMe reached over 95% conversion after 3 h with a rate constant kp = 0.76
M-1 s-1. Upon the addition of 1 equiv DMAP relative to 1a, an over 20 fold decrease in polymerization rate
(kp = 3.3× 10-2 M-1 s-1) resulted, with less than 15% monomer conversion after the same time period. If the
temperature is elevated to 55 ◦C, however, a rapid conversion of monomer takes place when initiated with 1a
both in the absence (kp = 6.2 M-1 s-1) and presence of DMAP (kp = 3.1 M-1 s-1), with both polymerizations
reaching completion in under 20 minutes. This demonstrates that heat can serve to recover the diminished
polymerization activity of the DMAP inhibited system. Isolation of catalyst 4, and subsequent kinetic studies
revealed polymerization activity that was comparable to, but slightly faster than the 1a + DMAP system.
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Figure 6.4 Molecular weight dependence of PNBMe when polymerized in bulk at 100 ◦C for 1 h at varying
[NBMe]:[1a]:[DMAP] ratios. PDI values are typically < 1.1.
The catalyst, however, was less stable in solution and eventually lost activity after the first 2 h under ambient
conditions. The instability of 4 and stability of 1a + DMAP likely stems from differences in equilibrium
concentration of 2 which can react with either monomer or oxygen. Additionally, 4 was not as active as the
1a + DMAP system at elevated temperatures, demonstrating the improved performance of the later system.
The polymerization conducted in the absence of DMAP resulted in an approximately 8-fold increase in
rate, upon increasing the temperature from 22 ◦C to 55 ◦C (Figure 6.3b). In contrast, the addition of 1 equiv
DMAP, resulted in a 100-fold difference in rate between the same temperatures. This drastic difference
stems from the inhibited ROMP activity of 1a and DMAP at 22 ◦C which can be understood by the dynamic
equilibrium which exists between a complex mixture of species including 1a, DMAP, as well as mono-
and bis-DMAP coordinated ruthenium species (Figure 6.2). During propagation, the addition of DMAP
shifts the equilibrium away from the active 14-electron intermediate (2) and towards species 1b, 3, and 4,
decreasing the rate of propagation. At elevated temperatures, however, this equilibrium shifts away from the
ligand associated species to account for the greater temperature sensitivity, and substantial recovery of the
rate. Ligand dissociation is thermodynamically more favored at elevated temperatures, and the equilibrium
thus shifts towards species 2, resulting in a faster propagation rate. It should be noted that species 2, cannot
be observed spectroscopically as it exists transiently and in low quantity.40 In addition to the shift in equi-
librium, higher temperatures also increase the propagation rate (kp) as well as the initiation efficiency (vide
supra) further leading to the exaggerated temperature dependence of this catalyst system.
The final molecular weights of the polymers (PNBMe) synthesized in solution were all higher than
predicted by the [NBMe]:[1a] ratio, which is typical for 1a due to incomplete initiation of the catalyst
(Figure 6.4).41 The polymerization conducted at room temperature without DMAP, for instance, showed
approximately 20% catalyst activation resulting in a polymer with Mn = 503 kDa, and PDI = 1.26. At 55 ◦C,
the initiation efficiency increased to about 50%, resulting in a polymer with Mn = 204 kDa and PDI = 1.19.
Adding DMAP to the polymerization at this temperature had the effect of further increasing the initiation
efficiency to 70%, in agreement with the effects of other amine based ligands on 1a.30,42
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Figure 6.5 Synthetic scheme of crosslinked thermosetting resins.
Due to the significant temperature dependence of the polymerization containing DMAP, it is likely that
bulk reactions might also be susceptible to a delayed polymerization. Several bulk polymerizations of NBMe
with varying ratios of DMAP and 1a were performed to assess this assertion and find optimal conditions.
From the results shown in Figure 6.3c, we observed that in the absence of DMAP, the gel time (defined as the
time when the inverted reaction supports its own weight) for the polymerization conducted at [NBMe]:[1a] =
800 occurred at 10 min. The addition of 0.5 equiv of DMAP (relative to 1a), however, increased the gel time
to 85 min. As more DMAP was added, the gel time continued to increase to 110 and 180 min for 1 equiv and
2 equiv, respectively. In contrast, when the system was heated to 100 ◦C to ensure complete conversion, a
rapid and complete polymerization of NBMe resulted, even in the presence of 2 equiv DMAP. Lower catalyst
loadings resulted in higher molecular weight polymers, however, conversion decreased, which is likely due
to decreased diffusion upon vitrification or inactivation of the catalyst by heat, moisture, or oxygen as these
polymerizations were carried out under ambient air. The condition which maximized conversion at 100 ◦C
and resulted in the longest time to gelation at room temperature was found with [NBMe]:[DMAP]:[1a] =
800:1:1. These conditions were also used for the development of the thermosetting resins.
The broad utility of metathesis derived polymers which can be crosslinked, such as PDCPD, has made
way for their use in several commercial applications.43–45 Since few liquid, metathesis based thermosetting
systems exist and because of the heat activated activity of this monomer/catalyst system, we found it par-
ticularly advantageous for use as a thermosetting resin.46–48 The low MW (8.0 kDa) norbornene containing
polyester NB-CL (Figure 6.5) served as an ideal crosslinking agent as it shares structural similarity with
NBMe, which should enhance its incorporation into the thermoset.
Utilizing various amounts NB-CL, we were able to successfully synthesize crosslinked material with
high gel content. This was accomplished by first heating NB-CL with liquid NBMe to aid dissolution.
After cooling, a clear monomer/crosslinker mixture resulted which was stable indefinitely (Figure 6.5). We
could then add 1a as a concentrated solution in xylenes, mix, and pour the resulting resin into a mold to
cure at elevated temperature. These resin mixtures showed an elongated gelation time upon the addition
of catalyst, in analogy with the bulk polymerizations performed in the absence of NB-CL crosslinker. For
example, at room temperature, a mixture of 10 wt% NB-CL in NBMe took 50 minutes to gel, while 20 and
30 wt% NB-CL amounts took 100 and 150 minutes to gel, respectively, due to the concomitant increase in
the DMAP which was conveniently loaded into the NB-CL during synthesis. The resulting cured thermosets
were non-tacky, insoluble in organic solvents, and had altered thermal and mechanical properties compared
to PNBMe (vide infra).
Optimizing the loading of catalyst (Figure 6.6a) and cure temperature (Figure 6.6b) revealed that curing
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Figure 6.6 a-c. Gel fractions of 20 wt% NB-CL containing thermosets at various catalyst loadings (a), temperatures
(b), and DMAP content (c). d. Swelling of thermosets in toluene after curing at 100 ◦C for 1 h at various NB-CL
content. All thermosets were cured for 1 h at 100 ◦C unless otherwise specified. DMAP content was held constant at
0.07 wt% with the exception of c. Catalyst 1a was loaded at 0.5 wt% when not specified.
at 100 ◦C for 1 h at a catalyst loading of 0.5 wt% was sufficient to achieve high gel fractions of 0.98 for
the 20 wt% NB-CL containing thermosets. Decreasing the temperature or catalyst loading led to decreased
cure of the thermoset due to incomplete monomer conversion, as evidenced by lower gel fractions and tacky
materials. While increasing the DMAP content further did increase the gel time, it also lowered the gel
fractions (Figure 6.6c). We found that 1-2 equiv DMAP relative to 1a resulted in optimal gel fractions. The
swelling of the resulting thermosets in toluene was also relatively low (Figure 6.6d). Even at 10 wt% NB-CL
loading, swelling reached a maximum of 63%, in contrast to widely used PDCPD which has been reported
to undergo swelling of over 300% when polymerized with 1a under higher temperatures.8 In addition, the
viscosities of the resins, are comparable to those of commercially used DCPD based liquid resins (300-1000
cP).49 The monomer alone has a viscosity of 25 cP at 25 ◦C. Upon the addition of 10, 20, and 30 wt% of
NB-CL, the viscosities increased to 60, 250, and 960 cP, respectively.
The thermal and mechanical properties of the thermosets were also measured using thermogravimetric
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Figure 6.7 a. Thermal gravimetric analysis of thermosets composed of NBMe containing varying wt% of NB-CL.
b. Thermal gravimetric analysis of PNBMe synthesized via bulk polymerization using a solution of 1a (50 mg mL-1)
in a variety of solvents to demonstrate the first stage of weight loss is due to solvent loss. [NBMe]:[1a] = 800:1.
Table 6.1 Onset of Decomposition for
Thermosets
NB-CL (wt%) Td (◦C)a
0 389
10 389
20 369
30 355
a Onset point of degradation.
Table 6.2 Onset of Decomposition and Mass Loss for Ther-
mosets using Varying Solvents to Dissolve 1a
Sample Td (◦C)a Mass solvent (wt%)b
Xylenes 389 8.0
THF 387 8.2
DCM 386 11.8
a Onset point of degradation b Determined from 1H NMR.
analysis (TGA) and dynamic mechanical analysis (DMA) and were compared to those formed without the
crosslinker (PNBMe). Analysis by TGA shows high thermal stability, with a Td of 389 ◦C for PNBMe
(Figure 6.7 & Table 6.1). The early weight loss in the polymer samples was determined to be due to residual
solvent left in the resin (Figure 6.7b & Table 6.2). Addition of NB-CL slightly decreased the Td, providing
a Td of 355 ◦C for the 30 wt% NB-CL thermoset. The DMA analysis revealed good mechanical properties
for PNBMe without the addition of NB-CL resulting in a storage modulus (E′) of 2160 MPa at 30 ◦C
(Figure 6.8b). Upon addition of NB-CL, an increase in E′ was observed in accordance with increasing
crosslinker amount. The addition of 30 wt% NB-CL, for example, resulted in a 26% increase in E′ to 2720
MPa, compared to PNBMe alone. Additionally, increasing the NB-CL content resulted in the formation
of a rubbery plateau at elevated temperatures, typical of crosslinked networks. The plateau increased upon
increasing crosslinker content suggesting good incorporation of NB-CL into the network and an increasing
number of crosslinks, in line with the DSC analysis.
The degree of cure was also determined using differential scanning calorimetry (DSC). Using a temper-
ature ramp of 10 ◦C min-1, the energy released upon the polymerization of NBMe with 1a was determined
to be 10.5 kcal mol-1 (Figure 6.8a), in agreement with previously determined values.50 Assuming the same
energy is released upon polymerization of each olefin in NB-CL, we determined the percentage of olefin
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Figure 6.8 a. DSC scan showing exotherm released upon polymerization of bulk NBMe with varying amounts of
NB-CL in the presence of 0.5 wt% 1a at a heating rate of 10 ◦C min-1. b-d. Storage modulus (b), loss modulus (c),
and loss tangent (d) of cured PNBMe based thermosets containing varying amounts of NB-CL cured with 0.5 wt% 1a.
The DMA was operated at a heating rate of 3 ◦C min-1 in tension mode.
groups which reacted in each formulation. For the 10, 20, and 30 wt% formulations, the degree of cure was
99, 93, and 91%, respectively. Extraction of the crosslinked thermosets with chloroform and analysis by
1H NMR revealed only small amounts of NBMe and NB-CL which was not incorporated into the material.
The major species extracted were xylenes used to dissolve catalyst 1a. The decreasing degree of cure at
higher NB-CL loadings is likely due to the concomitant increase in DMAP loading. This is supported by
the retardation of the temperature at which the peak exotherm occurs in the DSC thermogram.
The glass transition of PNBMe measured by DMA occurs at 88 ◦C, marked by a peak in the loss modulus
(E′′) (Figure 6.8c). Increasing the content of NB-CL continues to raise the Tg, reaching 92 ◦C and 95 ◦C
for 10 wt% and 20 wt% loading of crosslinker. Higher loadings of NB-CL resulted in a slightly decreased
Tg of 92 ◦C, possibly due to decreased conversion of monomer (supported by DSC analysis), however, the
accompanying loss tangent contains two maxima in this region (Figure 6.8d). This feature is evident for
all samples, including PNBMe which contains no crosslinker, at cure temperatures ranging from 100 ◦C to
140 ◦C (data not shown). Analysis of PNBMe without crosslinker shows the first peak occurs near 95 ◦C,
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Figure 6.9 DSC (top) and DMA (bottom) analyses of PNBMe subjected to a maximum temperature of 175 ◦C
(black) or 300 ◦C (red). DSC performed at a heating rate of 10 ◦C min-1 and DMA performed at a heating rate of 3
◦C min-1. Tg = 111 ◦C (black) and 138 ◦C (red) from DSC.
and the second peak of higher intensity appears at 122 ◦C. DSC analysis of the glass transition region of
PNBMe reveals an unusually broad step transition centered at 111 ◦C, suggesting the true Tg may include
both regions (Figure 6.9). Literature reports on analogously prepared PNBMe, however, resulted in a Tg of
156 ◦C.50 This appears to be due to differences in thermal history of the PNBMe. Subjecting PNBMe to
a higher maximum temperature of 300 ◦C and measurement of the Tg again, had the effect of narrowing
and raising the Tg to 138 ◦C. Additional DMA experiments confirmed an increase in Tg when running the
sample through two heating cycles with a maximum temperature of 175 ◦C. When this doubly heated sample
was analyzed by GPC and 1H NMR, no changes were observed suggesting the absence further reaction or
chemical alteration of the sample (Figure 6.10), and instead, the added thermal energy may alter the packing
of the polymer in the solid state. This phenomenon undoubtedly complicates the thermal analysis of these
polymers and warrants further investigation.
In summary, we have devised a delayed curing ROMP based thermosetting resin using NBMe as a
monomer, DMAP as a polymerization inhibitor, and a norbornene containing polyester (NB-CL) as a
crosslinker. These materials can be formed under ambient air at reasonable temperatures and have high
gel contents, forming thermosets with mechanical properties that rival those of widely used ROMP based
thermosets such as PDCPD. The ability to further tune the properties of this polymer system through both
the structure of the liquid monomer and polyester crosslinker should enable similar materials to be created
providing access to new potentially commercially relevant ROMP based thermosets.
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Figure 6.10 a. Normalized light scattering GPC traces from PNBMe samples before (black) and after (red) DMA
analysis. b. 1H NMR analysis of PNBMe samples before (black) and after (red) DMA analysis. Both samples reached
a maximum temperature of 175 ◦C.
6.3 Materials and Methods
General Experimental Considerations
All chemicals were purchased from Sigma-Aldrich and used as received unless otherwise specified. Solvents
were purchased from Fisher Scientific and used without any further purification. The chromium(III) salen
catalyst was synthesized according to a previous report. Catalyst 4 (H2IMes(H3C)2N-C5H4N2Cl2Ru=CHPh)
was synthesized according to literature procedures.
Instrumentation
Nuclear Magnetic Resonance (NMR) spectra were recorded on a Varian U400, VXR500, or U500 spec-
trometer using residual solvent peaks as reference. For 31P NMR, 85% H3PO4 in a glass capillary was used
as an external reference. MestReNova (Version 8.1) software was used to process all NMR spectra. Gel
Permeation Chromatography (GPC) was performed on a system equipped with an isocratic pump (Model
1260, Agilent Technology) at a flow rate of 1 mL min-1 and a DAWN HELEOS I MALLS detector (Wyatt
Technology) and an Optilab rEX refractive index detector (Wyatt Technology). The lasers for both detectors
were set to 658 nm. Separations were performed using serially connected size exclusion columns (102 A˚,
103 A˚, 104 A˚, 105 A˚, 106 A˚ Phenogel columns, 5 µm, 300 × 7.8 mm, Phenomenex). The mobile phase
consisted DMF + 0.1M LiBr. Samples were filtered through a 0.45 µm PTFE filter before analysis. The
absolute molecular weights and polydispersity of polymers were determined by using the dn/dc values cal-
culated in the Astra software (Wyatt Technology, Version 6.1.1). Differential scanning calorimetry (DSC)
was conducted on a TA Instruments Q20 with a Liquid Nitrogen Cooling System. Tzero aluminum pans
and lids were used to hold samples. Scans were conducted under nitrogen at a flow rate of 50 mL min-1.
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Samples were run under a Heat/Cool/Heat program with heating and cooling rates set to 10 ◦C min-1 for Tg
determination. The second heating curve was used to calculate Tg using TA Universal Analysis software.
For cure exotherm, samples were quickly mixed, weighed, and placed into DSC pre-equilibrated at -20 ◦C.
Samples were then heated at a rate of 10 ◦C min-1. Thermogravimetric analysis (TGA) was conducted on a
TA Instruments Q50 under nitrogen using alumina sample pans at a heating rate of 10 ◦C min-1. Dynamic
mechanical analysis (DMA) was conducted on a TA Instruments Q800. Samples (l = 38 mm, w = 3 mm,
t = 1 mm) were clamped into the instrument and analyzed in tension mode. Samples were subject to an
oscillatory strain of 1 Hz with an amplitude of 15 µm. Heating was performed at a rate of 3 ◦C min-1 until a
temperature of 175 ◦C was achieved. All thermal data was processed using TA Universal Analysis (Version
4.5A). Viscosities were measured on a DHR-3 combined motor/transducer rheometer from TA Instruments
with a 40 mm diameter and a 1.011 degree cone geometry. The temperature was held at 25 ◦C using a Peltier
plate system. The materials were loaded and trimmed and the geometry was brought to the final gap of 30
µm. Controlled-velocity tests ramping up and down the shear rate from 1 to 10 s-1 revealed no thixotropic
or shear-thinning behavior. Final measurements were performed at 3 s-1 for a duration of 60 seconds. The
average viscosity values were reported.
Polymerization Kinetics of NBMe
In a glass vial was placed 200 mg of NBMe. For polymerizations containing DMAP, 23 µl of a 10 mg
mL-1 solution in CDCl3 was added. Then, CDCl3 was added, followed by 64 µl of a 25 mg mL-1 solution of
catalyst 1a to bring the total concentration of NBMe to 1.0 M. Samples which required heating (55 ◦C) were
placed in an aluminum heating block. At various times during the reaction, 50 µl of solution was removed
and placed into 650 µl of a 0.75% (v/v) solution of ethyl vinyl ether in CDCl3. Conversion was determined
by comparing integrations of the olefin protons appearing near δ 6.3 (monomer) and δ 5.5 (polymer). Rate
constants were determined by plotting ln([NBMe]) vs. time and dividing the resulting slope by [1a] to yield
second order rate constants. Due to the difficulty in determining the initiation efficiency of 1a during the
course of the reaction, rate constants assume the initiation to be 100% complete and thus underestimate the
value of the true rate constants.
Gel Time and Conversion of NBMe in Bulk
Polymerizations were conducted by adding desired amount of DMAP in DCM (50 mg mL-1) into a vial
and allowing to evaporate. NBMe (250 mg) was then added and stirred in the vial to dissolve DMAP. Cat-
alyst 1a was then added in xylenes (50 mg mL-1) and reaction allowed to stand, inverting vials periodically
to assess gelation (when inverted samples support their own weight). Conversion of a separate batch of
samples was assessed after heating samples to 100 ◦C for 1 h, and allowing samples to sit overnight. Small
samples were then cut from the polymers and dissolved in CDCl3 for 1H NMR analysis.
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Swelling of Polymers
Polymer samples with mass of ∼250 mg were placed into 20 mL toluene and allowed to sit at room tem-
perature for 48 h. Samples were removed, gently dabbed with a Kimwipe to remove excess solvent, and
weighed. Swelling is defined as:
Swelling(%) =
Mf −M0
M0
× 100
where Mf is the final mass of the swollen sample and M0 is the initial mass of the sample.
Gel Fraction
Polymer samples were placed in 20 mL chloroform and heated at 55 ◦C for 72 h, replacing the solution
with fresh chloroform every 24 h. Samples were then dried in a vacuum over for 72 h at 110 ◦C until
constant mass. Gel fraction is defined as:
Gel Fraction =
Mf
M0
where Mf is the final mass of the dried sample and M0 is the initial mass.
ROMP Thermosetting Polymerization
Polyester crosslinker (NB-CL) and NBMe were mixed and heated with a heat gun to completely dissolve
polyester (once dissolved this formulation remains stable). After cooling to ambient temperature, catalyst
1a (50 mg mL-1 in xylenes) was prepared by briefly sonicating and then mixed with the resin for several
minutes to ensure a homogenous solution. The resin was poured into molds and cured by heating at 100 ◦C
for 1 h.
Synthetic Procedures
5-Norbornene-2,3-dicarboxylic acid dimethyl ester: (NBMe)
H2SO4
MeOH OMe
O
OMeO
O
O
O
The procedure was modified slightly from a previous report. In
a 1 L round bottom flask was mixed endo-bicylco[2.2.1]hept-
5-ene-2,3-dicarboxylic anhydride (120 g, 731 mmol), methanol
(600 mL), and conc. sulfuric acid (1 mL). The regents were re-
fluxed for 24 h. After cooling to room temperature, 100 mL sat.
NaHCO3 was added to quench the reaction, and the solvent removed in vacuo to yield a cloudy paste. Water
(200 mL) and sat. NaHCO3 (100 mL) was added to the residue, which was extracted with 3 × 200 mL
diethyl ether. The organic layers were combined, washed with brine, dried over Na2SO4, and evaporated to
yield a clear colorless oil (131 g, 623 mmol, 85% yield).
130
1H NMR (500 MHz, CDCl3): δ 6.26 (t, J = 1.2 Hz, 2H), 3.61 (s, 6H), 3.29 (m, 2H), 3.16 (s, 2H), 1.47 (dt, J
= 8.7, 2.2 Hz, 1H), 1.32 (d, J = 9.0 Hz, 1H). 13C NMR (100 MHz, CDCl3): δ 173.01, 134.96, 51.60, 48.75,
48.11, 46.32. HRMS (ESI) m/z calculated for C11H15O4 [M+H]+: 211.0970, found 211.0980.
poly(end-norbornene anhydride-alt-cyclohexene oxide): (NB-CL)
(salph)CrCl
DMAP
Toluene
O
O
O
n
OO
OO
O
+
O
tBu
tBu O
tBu
tBu
NN
Cr
Cl
(salph)CrCl
The procedure was modified slightly from a previous report. In a 100 mL round bottom flask was placed
endo-bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic anhydride (23.9 g, 146 mmol), cyclohexene oxide (14.8
mL, 146 mmol), 4-dimethylaminopyridine (70 mg, 0.573 mmol), N,N′-bis(3,5-di-tert-butylsalicylidene)-
1,2-diaminobenzene chromium chloride (salph)CrCl (160 mg, 0.256 mmol), and toluene (38 mL). Reaction
was purged with N2 for 15 min, then refluxed under N2 overnight. Solution was diluted in an equal volume
dichloromethane, and precipitated into ∼700 mL hexanes. Polymer was dried in a vacuum over at 100 ◦C
for 48 h yielding 37.8 g light orange powder (99% yield). Mn = 8.0 kDa; PDI = 1.62.
1H NMR (500 MHz, CDCl3): δ 6.16 (m, 2H), 4.77 (m, 2H), 3.23 (m, 4H), 1.98 (s, 2H), 1.66 (s, 2H), 1.43
(s, 2H), 1.30 (s, 4H).
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